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Abstract	  

Architectural fabrics are used in high profile tensile structures worldwide, and the 

accurate determination of fabric material properties is vital to achieve safe, efficient 

designs. There are currently limited standards for biaxial testing of fabrics used in 

building structures. The ability to carry out repeatable tests in multiple locations is vital 

for the validation and implementation of the forthcoming Eurocode 10, which will 

include requirements for the design of fabric structures. This paper describes the 

comparison of two biaxial test machines using finite element analysis of the cruciform 

test specimens and discusses the difficulties inherent in comparison of test results. It is 

found that exact replication of test protocols on two different machines is difficult to 

achieve, and a method is developed to facilitate a meaningful comparison of test data 

where the timing and/or stress levels differ between tests. Guidelines are provided to 

assist in future comparative testing. 
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1 Introduction	  
Architectural fabrics consist of a woven base cloth with an impermeable coating which 

provides waterproofness and weave stability. Coated woven textiles are used in high 

profile, architecturally striking structures (Figure 1) and yet broad assumptions are 

made in the interpretation of test results and representation of material behaviour. 

Fabric structures provide an efficient, lightweight solution for covering large spaces for 

applications ranging from sports stadia to landfill sites. A better understanding of the 

behaviour of architectural fabrics will significantly reduce levels of uncertainty in the 

design process and enable more ambitious architectural forms to be generated. 

Increased confidence in the analysis and design will facilitate greater use of coated 

woven fabrics for a range of industrial applications where the design requirements are 

more onerous, and the acceptable risk of failure is lower. 

The design and utilisation of architectural fabrics is hindered by the complex response 

of woven textiles to in-plane biaxial and shear stresses. The interaction of warp and fill 

yarns (crimp interchange, Figure 2) results in complex, non-linear biaxial behaviour that 

cannot directly be inferred from uniaxial testing alone1, and is rarely fully quantified due 

to paucity of specialist test equipment and test procedures, and a lack of understanding 

of how to utilise the results in design or analysis. 

There are currently no British, European or American standards for the biaxial testing 

of fabrics. Development of test equipment and test protocols must therefore be based 

on previous published work2,3, numerical modeling and methods adopted in industry. 

 

Figure 1.Architectural fabric structures: Dynamic Earth Centre, Edinburgh, UK,mast and 

cable supported PTFE coated glass roof with glazed façade (left), Dalton Park, County 

Durham, UK, multiple PVC coated polyester conics supported by flying masts (right). 
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Figure 2. Crimp interchange mechanism: (a) as woven fabric typically has high levels of 

crimp in the weft / fill direction, (b) applied load in the weft / fill direction results in high 

levels of negative warp strain. 

2 Scope	  
A comparison of two plane biaxial test machines has been carried out. The aim of a 

biaxial test is to develop an area of fabric with a specified, uniform stress field over 

which the warp and fill strains can be measured. The shape of the fabric sample, 

method of load application and location in which the strain is measured are all critical to 

achieving this. Geometrically non-linear finite element models are used to investigate 

the stress field in two types of cruciform test piece (§3.3). 

A biaxial test protocol has been applied to three types of fabric (§3.5) on two different 

designs of biaxial test machines (§3.2). Stress reduction factors from the finite element 

cruciform analysis have been used to ensure that the stresses applied in each test are 

as similar as possible (§3.3). 

This paper focuses on the determination of the in-plane biaxial stress-strain behaviour 

of coated woven fabrics. A future paper will extend the work to include shear response. 
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3 Methodology	  

3.1 Biaxial	  test	  methods	  

There are three main types of biaxial test4,5: the bursting test, the cylinder test6 and the 

plane biaxial test2. In the bursting test the ratio of warp stress to fill stress cannot easily 

be varied. For structural applications fabrics must be tested at multiple stress ratios 

appropriate to the anticipated design loading7. In the cylinder test the seam influences 

the results unless specially woven samples are used, which is impractical for 

architectural fabrics. The bursting and cylinder tests are therefore not considered in this 

paper. The plane biaxial test is used for this work, as it provides the best replication of 

the stress state in a fabric structure and is commonly used in industry. 

Early work on biaxial fabric testing involved gripping the sides of a square of fabric1. 

However, a key consideration is the application of uniform warp and fill stresses with 

large strains (10-20%) without disruption from the clamps. This led to the use of a 

cruciform test piece8,9. The arms of the cruciform allow strain to occur orthogonal to the 

load applied by that arm, reducing the restraint imposed by the clamp plate. Further 

developments include adding slits to the cruciform arms and loading the resultant strips 

independently5. The same result can be achieved with a square test piece with many 

point loads along each edge – with the load application points free to move as the 

fabric strains in both directions10. Bassett, Postle and Pan11 studied in detail the effect 

of loading a square specimen with ‘pin grips’. Their treatment does not consider issues 

of damage caused to the fabric by the pin grips at high loads. The advantage of the 

cruciform is that rigid clamps that are well removed from the area of interest can apply 

high loads to the specimen, hence the cruciform test piece with slit arms4,12 has been 

chosen for this work. 

3.2 Biaxial	  test	  equipment	  

Results from tests carried out using two different biaxial test machines in different 

locations have been studied. The biaxial test equipment used at the Taiwanese Textile 

Research Institute (TTRI) was designed and commissioned by Laboratorium Blum, 

Germany (www.labor-blum.de). The test equipment consists of a square frame with 

seven independent servo-motors on each side (Figure 3). The servo-motors are 

mounted on roller bearings allowing movement transverse to the direction of the 

applied load. The cruciform is orthogonally cut with a 700mm x 700mm central square, 

arms split into seven fingers, 260mm arm length to the clamp, and 80mm corner radius 
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(Figure 5). Load is applied independently to each arm. Strain is measured in warp and 

fill directions using linear displacement transducers with a gauge length of 135mm. 

Load is measured with individual load cells on each arm (i.e. seven load cells per side, 

24 in total), which are used to provide force control. 

The unique feature of the Newcastle University test equipment is a floating upper frame 

which enables load application to be aligned with the yarn directions, which are not 

necessarily orthogonal7. Bowing of the fill yarn prior to coating is common, and a 

continuous skew along the roll has also been observed. The floating frame is based on 

a concept developed by the UK based specialist membrane structures contractor 

Architen-Landrell Associates (Chepstow, UK; www.architen.com). A secondary benefit 

of the floating frame is that load can be applied by a single actuator on each axis, with 

an equal and opposite force applied by the reaction from the frame (Figure 4). 

The Newcastle cruciform has a 300mm x 300mm central square with 150mm long 

arms split into twelve fingers, which terminate at a single rigid clamp (Figure 5). Load 

application is by a single servo-controlled hydraulic actuator for each axis, with strain 

measured by two 100mm linear displacement transducers. A single load cell on each 

axis measures load. The cruciform is supported on a plinth to avoid sag, which can 

result in erroneous strain measurement at low load. 

 

Figure 3. Biaxial test equipment at Laboratorium Blum, to the same design as the TTRI 

equipment. 
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Figure 4. Newcastle University biaxial test equipment. (a) Cruciform set up for testing 

with no load applied, (b) Simulation of test rig and cruciform with 1:1 load ratio, (c) 

cruciform showing extensometer set-up (10 slits shown rather than 12 that are 

considered in this work), (d) side view showing top frame supported on ball bearing, and 

clamping arrangement. 

!
(a) 

(b) 

(c) 

(d) 
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Figure 5. Cruciform test specimen details: TTRI / Laboratorium Blum (left), Newcastle 

University / Architen-Landrell Associates (cruciform is cut to follow warp and fill yarn 

directions, typically between zero and 5°; the skew in the diagram is exaggerated) 

(right). Note that images are not drawn to the same scale. 

3.3 Numerical	  analysis	  of	  stress	  distribution	  in	  cruciform	  test	  specimens	  

The aim of the numerical analysis is to determine; 

• A suitable gauge length and location for measurement of fabric extension, 

• How the stress level within this gauge length relates to the applied load. 
The analysis was carried out using Oasys Software’s ‘GSA (General Structural 

Analysis) Fabric’ software1. GSA is a finite element package tailored to the 

requirements of civil and structural engineering design, and is available with the ‘Fabric’ 

add-on that provides membrane elements and form finding for the design of tensile 

fabric structures. The isotropic plane-stress linear elastic cruciform model uses 

geometrically non-linear eight-noded quadrilateral thin-shell finite elements. Geometric 

non-linearity is required to include load effects due to large strains in two orthogonal 

directions. 

Both cruciform models are restrained in the out-of-plane (z) direction (Figure 6) to avoid 

out-of-plane instability in unsupported fabric edges. A quarter of each cruciform has 

been modelled which, with the correct boundary conditions, accurately represents the 

                                                
1www.oasys-software.com/products/structural/gsa/gsa_fabric.shtml 
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behaviour of the complete symmetrical cruciform. The lines of symmetry along which 

the models have been divided are restrained so as to give the appropriate reaction that 

would be provided by the rest of the cruciform, i.e. nodes along sides AB and GL are 

restrained in the x direction, sides AF and GH are restrained in the y direction (Figure 

6). The individual clamps for each finger used on the TTRI / Laboratorium Blum 

cruciform are modelled as a series of separate steel bars (50mm wide x 20mm deep 

solid rectangular section), with a uniformly distributed load applied (i.e. four 

independent steel bars along edges HI and KL). On the test machine the clamps are 

free to rotate and move in plane, this has been modelled by providing out-of-plane 

restraint only. For the single piece Newcastle clamps edges BC and EF are each 

modelled as a single steel plate (50mm wide x 20mm deep). ‘Rigid constraints’ are 

used to ensure that, for example, clamp plate BC can move in the y direction but 

cannot rotate. The nodes along BC are constrained to all move together by specifying 

that they remain in the same zx plane.  

 

Figure 6.Labelled diagrams of cruciform models for description of boundary conditions, 

not to scale, Newcastle (left) and TTRI (right). 

The effect on the stress level and distribution in the cruciform of variations in material 

properties (warp and fill moduli, Poisson’s ratios and shear modulus) and applied load 

ratio have been reported previously7. For this work the effect of varying load ratio has 

been further investigated for the two cruciform types, with typical material properties for 

a balanced weave PVC-polyester fabric used throughout: 

Ewarp = Efill = 600kN/m, G = 30kN/m and ν = 0.3, 

 

A F 

C B 

D E 

G H 

I 
J 

K L 
x 

y 

z 



 

 9 

where E = Young’s modulus, G = shear modulus and ν = Poisson’s ratio. This fabric 

model is crude: coated woven fabrics have highly variable material properties 

depending on the applied stresses, and ideally the cruciform analysis should be 

validated after the test using more accurate material properties. 

3.4 Biaxial	  test	  protocol	  

Application of prestress followed by mechanical conditioning provides repeatable 

stress-strain data suitable for medium to long-term structural design. The test protocol 

efficiently populates the space of feasible stress states; it is not limited to a few 

specified stress ratios. It is vital to distinguish between initial and mechanically 

conditioned fabric behaviour. Initial behaviour is the response of the fabric when it is 

first loaded, and does not tend to be repeatable (i.e. the stress-strain response during 

the second load cycle is typically fundamentally different to the first load cycle). The 

initial behaviour is usually established for each project by ‘compensation testing’ to 

determine parameters for patterning and installation13. Mechanical conditioning 

attempts to simulate the effect of repeated cycles of environmental loading on a fabric 

structure (e.g. wind and snow loading), typically by applying cyclic loads at various load 

ratios. The stress-strain response of mechanically conditioned fabric is substantially 

repeatable, but depending on the constituent fabric materials creep may still be 

evident. Tests on mechanically conditioned fabric provide stiffness and residual strain 

information appropriate for medium to long-term structural design. This test protocol 

aims to test this repeatable, conditioned behaviour. With limited published work in this 

area, the protocol has primarily been developed through extensive testing7. 

The test protocol (Figure 7) consists of: 

(i) Prestress [1.3% UTS (strip ultimate tensile strength14) for PVC/polyester fabric and 

2.5% UTS for PTFE/glass fibre fabric] applied for 12 hours, 

(ii) Mechanical conditioning - load cycles at warp:fill stresses of 1:0, 0:1 and 1:1 

between prestress and 25% UTS, cycle duration of 5 minutes (i.e. 2.5 minutes loading, 

2.5 minutes unloading), with 2 minutes at prestress between cycles, 

(iii) Radial load paths which explore the feasible stress states of the fabric by applying 

multiple stress ratios. Warp:fill load ratios of 1:1, 2:1, 1:2, 10:1, 1:10, 1:1 have been 

applied, with the maximum load for each cycle equal to the typical design stress (25% 

UTS). After each cycle the loads return to prestress. Cycle duration of 10 minutes (i.e. 

5 minutes loading, 5 minutes unloading), with 2 minutes at prestress between cycles. 
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Figure 7. Biaxial test protocol to determine medium-term stress-strain behaviour 

This test protocol efficiently populates the stress space with strain data and frequently 

returns to prestress to enable accurate removal of residual strains (see below). 

Thorough testing of the effect of load history on each stress state is infeasible; the 

loading and unloading results give a good indication of the level of variability due to 

recent load history. Each radial arm of the load regime is typical of the load paths the 

structure will experience in a single load event (a gust of wind or snow load), i.e. from 

prestress to a loaded condition and back to prestress. Returning to prestress is 

appropriate because, despite residual strain of the fabric, structures must be designed 

such that a significant level of prestress is maintained for the life of the structure to 

avoid slackness, flapping and probably failure.  

The test protocol demonstrates a principle for biaxial testing. The details are not fixed; 

for example, the number of radial arms and data points will vary depending on practical 

considerations, time constraints and the level of detail required. Further testing can be 

carried out for stress states that are important to a particular design. 

The residual strains at the end of a biaxial test are typically 5-10%, but can be as high 

as 15% for a highly crimped PTFE coated glass fabric or a soft PVC coated polyester 

fabric after a long test profile. Residual strains do not affect calculation of secant moduli 

for individual load ratios, but if a more sophisticated approach is used to approximate 

the complete mechanical response of the material (such as elastic moduli that define a 

best fit plane through the complete data set2, or direct use of a response surface in the 

analysis15) then removal of residual strain is vital to prevent skewing of the response 

surface. 



 

 11 

3.5 Test	  materials	  

The test protocol described above has been used to test three different types of fabric 

using the TTRI / Laboratorium Blum and Newcastle test machines, with a single test 

carried out on each material at each institution. The fabrics tested are described in 

Table 1. 

Table 1. Test materials 

Name Manufacturer 
Materials 

Weight 
(g/m2) 

Thickness 
(mm) 

Tensile strength 
(kN/m) 

Yarn Coating Warp Fill 

SCC200-H 
Taiyo 
Kogyo 
Japan 

PET PVC 832 0.68 76 81 

CMX220 
Taiyo 
Kogyo 
Japan 

Glass 
fibre PVC 813 0.55 115 111 

Skytop 
FGT-600 
(EF-B) 

Chukoh, 
Japan 

Glass 
fibre PTFE 1000 ± 

150 0.6 ± 10 123 98 

PET = Polyethylene terephthalate; PVC = Polyvinyl chloride; 
PTFE = Polytetrafluoroethylene 

4 Results	  

4.1 Numerical	  analysis	  of	  cruciform	  stress	  distribution	  

The stress distribution across the central square of the cruciform was examined for 

both types of cruciform for a range of stress ratios (1:1, 2:1 & 5:1) for low and high 

loads, where ‘low’ loads are typical prestress loads and ‘high’ loads are typical 

maximum design loads. The exact values are not critical, the aim was to determine the 

significance of the magnitude of the load to the stress distribution. The analysis would 

not converge to an acceptably low level of residual force for the TTRI cruciform at 5:1 

load ratios. For consistency, the 5:1 ratio values have not been included in the 

calculation of reduction factors for either cruciform. The difficulty in convergence of the 

TTRI analysis may be the numerical analogue of a physical difficulty in the operation of 

the TTRI cruciform. The ends of the fingers are mounted on bearings that allow them to 

move apart and accommodate transverse strain. However, the horizontal force 

component acting on the clamped end of each finger will be very small compared to the 
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applied load, and, assuming that friction is overcome and the bearings do move, as the 

arm tends towards the optimum straight position the lateral force will tend to zero, 

hence the optimum position cannot be achieved. 

The ‘fingers’ of the cruciform resulted in non-uniform stresses around the edge of the 

central square, but the central area (200mm square for the Newcastle cruciform, and 

450mm square for the TTRI cruciform) exhibited almost constant stress and hence 

provided a suitable area for strain measurement (Figure 8). The stress in this central 

region is significantly less than would be predicted by dividing the applied load by the 

width of the central square, due to losses in the transverse arms (Table 2). Reduction 

factors must therefore be applied to calculate the applied load which will achieve the 

required stress in the area of interest. The ‘warp’ and ‘fill’ values given in Table 2 are 

equally applicable in the reverse directions as stress ratios of 1:2 and 1:5 will be used 

in the test in addition to 2:1 and 5:1. Hence it is appropriate to take average values of 

the warp and fill factors. 

Average values for 1:1 and 2:1 load ratios at high and low load are 0.967 for the 

Newcastle cruciform and 0.975 for the TTRI / Laboratorium Blum cruciform. The value 

for the Laboratorium Blum cruciform is consistent with a similar study carried out for the 

same cruciform geometry by EMPA (Swiss Federal Laboratories for Materials Testing 

and Research) which calculated an average stress reduction of 0.98516.These values 

are comparable with those determined in a similar exercise described in the 

Commentary to the Membranes Structures Association of Japan Testing Method for 

Elastic Constants of Membrane Materials2 for a different cruciform geometry, which 

gave an average stress reduction factor of 0.92. 
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Figure 8. Simulated stress distribution in quarter model of test cruciforms, contour plot 

showing warp stresses, 10× deformation magnification, warp:fill load ratio = 2:1, applied 

warp load = 4 kN/m; (a) Newcastle University, (b) TTRI / Laboratorium Blum. Note: 

cruciform scales are different, refer to Figure 5 for dimensions. 
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Table 2. Comparison of applied load and predicted stress at centre of cruciform 

Lo
ad
	  ra

tio
	   Applied	  

load	  
(kN/m)	  

Predicted	  stress	  at	  centre	  of	  
cruciform	  (kN/m)	  

Difference	  between	  applied	  load	  
and	  predicted	  stress	  

(reduction	  as	  a	  percentage	  of	  the	  
applied	  load)	  

	   	   	  
	   	   	  

	   	  

TTRI	  cruciform	   Newcastle	  
cruciform	   TTRI	  cruciform	   Newcastle	  

cruciform	  
Warp	   Fill	   Warp	   Fill	   Warp	   Fill	   Warp	   Fill	   Warp	   Fill	  

1:1	   3	   3	   2.91	   2.92	   2.91	   2.91	   3.1%	   2.7%	   3.1%	   3.1%	  

2:1	   4	   2	   3.96	   1.94	   3.90	   1.92	   1.1%	   3.1%	   2.6%	   3.9%	  

5:1	   5	   1	   -‐	   -‐	   4.90	   0.93	   -‐	   -‐	   1.9%	   7.1%	  

1:1	   20	   20	   19.34	   19.43	   19.32	   19.34	   3.3%	   2.9%	   3.4%	   3.3%	  

2:1	   20	   10	   19.71	   9.78	   19.68	   9.48	   1.5%	   2.2%	   1.6%	   5.2%	  

5:1	   20	   4	   -‐	   -‐	   19.92	   3.69	   -‐	   -‐	   0.4%	   7.7%	  

Mean	  difference	  for	  1:1	  and	  2:1	  load	  ratios	   2.2%	   2.7%	   2.7%	   3.9%	  

Mean	  of	  warp	  and	  fill	  differences	   2.5%	   3.3%	  

Stress	  reduction	  factor	   97.5%	   96.7%	  

4.2 Comparison	  of	  biaxial	  test	  results	  

For each test, the applied load and measured fabric extension at the centre of the 

cruciform in warp and fill directions are measured at two-second intervals for the 

duration of the test (Figure 9). Due to limitations in the test profile input for the TTRI test 

machine, each load cycle was run as a separate test. This meant that the load briefly 

dropped to zero between cycles, and the strain measurement was reset to zero. 

Consequently there was no measure of residual strain during the TTRI tests, but a 

meaningful comparison can be made with the Newcastle results with residual strain 

removed (i.e. strains adjusted such that strain at prestress is equal to zero at the end of 

each load cycle).  



 

 15 

 

Figure 9.Time-stress and time-strain plots for CMX220 PVC coated glass fibre fabric. 

Due to a significant variation in load cycle timing and small difference in applied stress 

levels (Figure 9) it is difficult to directly compare the time-strain or stress-strain data 

from the tests carried out on the two machines. The solution is to generate stress-

stress-strain response surfaces for each test, and then compare the surface rather than 

the discrete data points. This enables a high quality comparison to be carried out, 

despite differences in stress levels and/or timing. Interpolating surfaces that pass 

through all data points have been generated using the Matlab meshgrid and griddata 

functions (www.mathworks.com), and a regular grid of surface heights is used to 

enable numerical comparison of the two tests (Figure 10&Table 3). Test results with 

residual strain removed have been used to prevent skewing of the response surface 

due to visco-elastic effects, and to enable comparison of the Newcastle and TTRI 

results. 
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Figure 10.Stress-stress-strain response surface representation of repeat tests 

forCMX220 PVC coated glass fibre fabric. 

 



 

 17 

 

Table 3. Comparison of biaxial test data using response surface representation 

Fabric 

Difference between tests at Newcastle University and TTRI calculated by 
subtracting stress-stress-strain response surfaces 

Warp (% strain) Weft / fill (% strain) 

Mean strain 
difference  

Standard 
deviation  

Maximum 
strain 

difference 

Mean strain 
difference  

Standard 
deviation  

Maximum 
strain 

difference 

SCC200-H PVC coated 
PET fabric 0.35 0.42 1.07 0.22 0.33 1.02 

CMX220 PVC coated 
glass fibre fabric 0.11 0.13 0.27 0.31 0.34 0.62 

Skytop FGT-600 PTFE 
coated glass fibre* 0.21 0.27 0.67 0.36 0.46 1.09 

Note: residual strain has been removed from all results, such that strain at prestress is defined to be zero 
 

* TTRI test on FGT600 - only one set of conditioning cycles 

 

An alternative approach for comparing the test data is to calculate the best fit elastic constants 

for each data set2,17. It is common to approximate the non-linear warp and fill response 

surfaces with elastic constants (two elastic moduli and two Poisson’s ratios) to provide values 

that are compatible with commercially available analysis code. The commentary to the MSAJ 

standard2 provides multiple methods for calculation of these elastic constants. For this work 

the strain minimisation method has been used, which minimises the sum of the squares of the 

differences between the measured strains and strains calculated for each stress state applied 

during the test: 

𝑠 = 𝜀! −
𝑁!
𝐸!

−
𝑁!𝜐!"
𝐸!

!

+ 𝜀! −
𝑁!
𝐸!
−
𝑁!𝜐!"
𝐸!

!

 

Equation 1 

where N = stress, E = Young’s modulus, ν = Poisson’s ratio and subscripts w and f denote 

warp and weft / fill directions respectively. The four elastic constants (two Young’s moduli and 

two Poisson’s ratios) describe two best-fit planes to the stress-stress-strain data. For a linear 
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elastic isotropic material subjected to biaxial stress, the four elastic constants are not all 

independent; they are constrained by the reciprocal relationship: 

𝜐!"
𝐸!

=
𝜐!"
𝐸!

 

Equation 2 

where E = Young’s modulus, ν = Poisson’s ratio and subscripts w and f denote warp and weft / 

fill directions respectively. The MSAJ standard2 applies this constraint to the calculation of 

elastic constants. The authors have previously suggested that this constraint is not appropriate 

for a complex composite material with highly non-linear stress-strain behaviour15. In this work, 

elastic constants have been determined with and without this constraint to investigate its 

significance for data fitting. Comparison of elastic constants derived from the Newcastle and 

TTRI tests demonstrates the significance of the differences between the tests in terms of the 

values that would currently be utilised in structural design (Table 4). 
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Table 4. Comparison of best-fit elastic constants 

Fabric Tested by Analysis 
type 

Elastic moduli Poisson’s ratios Coefficient of 
determination 

R2 Ew 
(kN/m) 

Ef 
(kN/m) vwf vfw 

SCC200-H PVC 
coated PET 

fabric 
	  

Newcastle 
	  

U 374 282 1.12 0.66 0.95 

C 340 302 0.90 0.80 0.94 

TTRI 
	  

U 308 258 0.95 0.74 0.93 

C 296 260 0.89 0.78 0.93 

Difference between unconstrained values -21.4%	   -9.3%	   -17.9%	   10.8%	   	  

CMX220 PVC 
coated glass 
fibre fabric 

	  

Newcastle 
	  

U 1138 868 0.99 0.78 0.95 

C 1150 858 1.02 0.76 0.95 

TTRI 
U 1056 756 1.22 0.67 0.91 

C 956 818 0.98 0.84 0.90 

Difference between unconstrained values -7.8%	   -14.8%	   18.9%	   -16.4%	   	  

Skytop FGT-600 
PTFE coated 

glass fibre 

Newcastle 
	  

U 904 504 1.34 0.74 0.96 

C 900 508 1.32 0.75 0.96 

TTRI* 
U 682 412 1.37 0.67 0.85 

C 620 440 1.15 0.82 0.84 

Difference between unconstrained values -32.6%	   -22.3%	   2.2%	   -10.4%	   	  

Notes: 
 
U = unconstrained elastic constants (i.e. four independent values) 
C = constrained, elastic constants calculated to satisfy the reciprocal rule:!!"

!!
=

!!"
!!

 
* TTRI test on FGT600 - only one set of conditioning cycles 

5 Discussion	  
Development of European standards for biaxial fabric testing and fabric structures design are 

underway; the CEN TC250 Working Group 5 has recently been established to write a standard 

for Membrane Structures for inclusion in Eurocode 10. It is essential that repeatable tests can 

be carried out by multiple test houses to validate the test protocols and interpretation of results 

that are specified in the standard. 
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There is currently no standard design of biaxial test machine, with various test houses and 

research institutes developing their own test equipment. Fortunately the fundamental principle 

of using a plane cruciform for architectural fabric testing is well established2,16,18. 

For this work results from two fundamentally different biaxial test machines, with differing 

cruciform geometry, load application methods and control systems, have been compared. Both 

the Newcastle and TTRI/Laboratorium Blum cruciforms (Figure 5) work on the same principle 

of using slit arms to enable biaxial load to be transferred as effectively as possible to the area 

in which strain is measured. A key difference is the ‘floating frame’ used by Newcastle that 

accommodates non-orthogonal yarn directions due to bowing or skewing of the fabric during 

manufacture. For this work these effects were minimised by cutting the cruciform samples from 

the centre of the roll, however this is not always economic particularly for multiple tests on 

fabrics with large roll widths that can be in excess of 5m. The second key difference is the 

geometry of the cruciform, including differences in size, arm length and clamping arrangement 

(Figure 5). The numerical analysis of the two cruciform types shows similar stress reduction 

factors for both cruciforms, with the horizontal movement and rotation of the independent 

clamps on the TTRI/Laboratorium Blum cruciform providing a slight benefit in terms of load 

transfer to the centre of the cruciform (average of 97.5%). 

The simpler designs used by Newcastle and the Membrane Structures Association of Japan2 

result in average load transfer of 96.7% and 92% respectively. Providing that an analysis of 

the cruciform is carried out, increasing the applied load can easily mitigate these stress 

reductions. Due to convergence difficulties with the TTRI cruciform analysis, the 5:1 load ratio 

stress reduction values have not been considered in this work. However, the large reduction 

factors shown for the Newcastle cruciform at high load ratios (up to 7.7% for 5:1 ratio at high 

loads) suggests that further investigation is required, and that it may be appropriate to apply 

varying load reduction factors through each load cycle. 

The finite element cruciform models also enables the region with uniform stress at the centre 

of the cruciform to be identified; for a small cruciform the largest possible region over which to 

measure strain must be identified for accurate strain measurement, whilst avoiding stress 

variations caused by the ‘fingers’. 

Comparison of biaxial test results is not straightforward. Typically test results will be 

represented as time-stress & time-strain plots (Figure 9) or stress-strain plots. In both cases, 

visual or numerical comparison relies on the timing and/or stress levels in the two tests being 

identical. For this work limitations of the TTRI / Laboratorium Blumcontrol software meant that 

application of identical load profiles was impossible. Given the complexities of biaxial testing it 
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is unlikely that independent tests will achieve a perfect match in their applied load profiles. For 

this work a method has been developed which enables a meaningful, numerical comparison to 

be made despite substantial differences in timing and stress levels. Removal of residual strain 

(i.e. strain at zero load or prestress is deemed to be zero, with residual strain removed during 

each load cycle) followed by generation of interpolating stress-stress-strain response surfaces 

provides a robust method of comparison. 

Despite application of this methodology, the differences between the tests carried out for this 

work are significant. Mean strain differences vary between 0.11% and 0.36%, or approximately 

10% of the actual strain value. The key difference between the tests was the drop to zero load 

between cycles in the TTRI tests, which will have affected the subsequent strain levels. A 

further complication is that coated woven fabrics are known to have a significant level of 

variability between batches and even across the width and along the length of a single roll. 

However, due to the expense and limited availability of biaxial testing, this variability has not 

been fully quantified. For subsequent comparative studies it is proposed that multiple tests are 

carried out on each material at each institution, such that the fabric variability can be separated 

from differences between the test set-ups. 

The challenge of carrying out reproducible tests on textiles in different laboratories was 

identified in a two-part report published by the British Standards Institute 19,20, which provides 

“the results of inter-laboratory trials which have been carried out on textile products to access 

the reproducibility and repeatability of the tests”. Whilst biaxial testing was not considered, it is 

relevant to see the poor level of reproducibility of simpler, standardised tests such as breaking 

strength and elongation at break. The report concluded that “the results of the trials have 

shown that there are significant levels of variability, especially between laboratories” 19.  

For this work, elastic constants have been calculated based on the principles described in the 

Commentary to the Membrane Structures Association of Japan Testing Method for Elastic 

Constants of Membrane Materials2 (Table 4).The values of Young’s modulus are typical for 

architectural fabrics, varying from around 300 to 1200 kN/m depending on fabric weight and 

constituent materials. The warp stiffness is consistently higher than the fill stiffness, a 

consequence of the straighter warp yarns having less crimp to pull out before extension of the 

yarn itself commences. The Poisson’s ratio values, with a maximum of 1.4, are outside the 

bounds normally expected for this parameter. This is consistent with previous work by 

Bridgens and Gosling on a wide range of architectural fabrics, which gave values of Poisson’s 

ratio as high as two for highly crimped PTFE coated glass fibre fabrics15. According to plane 

stress theory Poisson’s ratio cannot exceed 0.5. However, higher values are required to model 
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the high level of warp-fill interaction and large negative strains which occur in woven fabrics 

under biaxial load. The values of elastic modulus and Poisson’s ratio provide a useful tool for 

approximating the non-linear fabric response surface with a best-fit plane. It may be more 

appropriate to refer to these as arbitrary parameters which define a planar representation of 

the test data, as opposed to mechanical parameters or elastic constants. The values provide 

convenient notation to approximate the extension and lateral contraction of the fabric for a 

given load state, and enable the test data to be used in conventional analysis software with 

little or no modification. 

The warp-fill Poisson’s ratio is consistently higher than the fill-warp values, meaning that a 

displacement in the warp direction causes a large contraction in the fill direction. This is 

counterintuitive as it would be expected that extension in the fill direction and straightening of 

the highly crimped fill yarns would results in large contractions in the warp direction, and hence 

the fill-warp Poisson’s ratio would have the larger value. The best explanation of the relative 

size of the Poisson’s ratio values is that, as discussed above, these parameters are being 

used to ‘curve fit’ a complex response surface, and the values may have limited physical 

significance. 

The difference between elastic constants calculated from the Newcastle and TTRI test data is 

between 2% and 33%, with typical differences of around 20%. It was anticipated that 

variations between the results would be reduced when the highly non-linear test data was 

represented by a linear surface fit, making the test variations less significant once elastic 

constants had been calculated for use in structural design. On the contrary, the results from 

this study show that variations between tests are maintained when elastic constants are 

calculated. Hence a high level of repeatability between tests is required to provide consistent 

values of elastic constants from tests by different test houses or research institutes. 

6 Conclusions	  
Demonstration of repeatable test results at multiple locations on different machines for the 

forthcoming Eurocode 10 and other international standards will be challenging, but it is hoped 

that the following guidelines will help to ensure consistency between tests and in the 

processing and comparison of test data: 

• Finite element model of cruciform to determine: (i) ‘stress reduction factor’ & (ii) 
appropriate gauge length with constant stress, 

• Cut cruciform samples from centre of roll (when practicable) to limit affects of skew and 
bow between warp and fill yarns, 
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• Ensure control systems are compatible with the proposed test protocol, 

• Carry out multiple tests (3+) at each institution to enable separation of material 
variability and test reproducibility, 

• Remove residual strain during test from results, 

• Use response surface representation of test data for numerical comparison. 
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