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Figure: Aramis von Mises strains in the cruciform specimen in a biaxial tension-
tension test. 

Problem area 

Modern composite laminates offer large advantages for the design and 
development of aircraft structures, for example by their local anisotropic 
properties and by their greatly enhanced strength-to-weight and stiffness-to-
weight ratios. In particular, thermoplastic composites have additional benefits, 
among others due to their improved toughness, impact resistance, damage 
tolerance, reparability and manufacturability. 

Description of work 

The present study investigates the static strength of notched and un-notched 8-ply 
quasi-isotropic thermoplastic carbon composite laminate under in-plane biaxial 
loading. The specimen used in this study is based on the cruciform designs 
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proposed and successfully used in previous studies. The specimen consists of a 
central thermoplastic composite laminate of carbon-fibre reinforced polymer 
(CFRP), with large composite tabs of glass-fibre reinforced polymer (GFRP) 
attached on both sides of the laminate. 

Results and conclusions 

A biaxial test program covering various biaxial load combinations in tension-
tension, tension-compression and compression-compression has been successfully 
executed and biaxial failure values have been determined. It was found that the 
biaxial load-case with at least one compression component, buckling or bending of 
the laminate in the central test section of the specimen was very critical. Therefore 
an anti-buckling guide (ABG) was successfully designed and applied in the biaxial 
tension-compression and compression-compression load-cases. A small area of the 
test-section remained unsupported by the ABG to allow for the DIC strain 
measurements with the Aramis DIC system. 
 
Besides the experimental biaxial test program, also FE modelling and analyses are 
used, both to predict the global outcomes of the biaxial tests and to interpret the 
test results. From the Aramis DIC system, failure loads and strains have been 
obtained. Failure stresses have been determined by either scaling the failure load 
to the linear portion of the load-strain relations or by directly considering the 
failure strain recorded by Aramis. The stresses have been used to construct failure 
envelopes for the plain and open-hole specimens. For both envelopes it is 
concluded that good agreement is found between the theoretically predicted 
envelopes and the data from the tests. This confirms that the general failure 
criteria, which have been primarily developed for thermoset material, are also valid 
for thermoplastic material and that thermoplastic specific properties do neither 
adversely affect the current failure theories, nor that effects are missed in those 
criteria. 

Applicability 

Based on the findings given in this report it is expected that composite parts with 
lower weight can be made as compared to parts that are designed with the 
previous uni-axially based failure criteria. 
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Summary 

Composite laminates are being increasingly used in a wide variety of industrial applications, but there are difficulties in 
applying these materials in ways that exploit their full potential, in particular under multi-axial loading. The objective 
of the present study is to determine by experiments the biaxial failure data for composite laminates produced by 
Fokker Aerostructures based on the thermoplastic UD carbon reinforced material AS4D/PEKK-FC. A test machine and 
accompanying cruciform specimens for in-plane biaxial failure tests have been developed. A coupon-level biaxial test 
program covering various biaxial load combinations in tension-tension, tension-compression and compression-
compression has been successfully executed and biaxial failure values for the thermoplastic laminate have been 
determined. 
 
Besides the experimental biaxial test program, also finite element models and analyses have been used to predict the 
global outcomes of the biaxial tests and to interpret the test results. Both plain (un-notched) and open-hole (notched) 
specimens of the thermoplastic laminate have been tested. The biaxial failure data have been collected and further 
processed in biaxial failure criteria. From the experiments, the failure strains, stresses and loads are determined and a 
failure envelope is created for both plain and open-hole specimens. Good agreement is found between the 
theoretically predicted envelopes and the test data. 
 
From the findings for biaxial failure criteria from this study it is expected that structural weight saving can be achieved 
in the design of multi-axially loaded composite parts as compared to the design with the previous uni-axially based 
failure criteria. 
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Strength of notched and un-notched thermoplastic 

composite laminate in biaxial tension and compression 

Wilhelmus J Vankan1, Bas HAH Tijs2, Gerrit J de Jong3, Herman C de Frel2 and Niels K Singh2 

Abstract 

Composite laminates are being increasingly used in a wide variety of industrial applications, but there 

are difficulties in applying these materials in ways that exploit their full potential, in particular under 

multi-axial loading. 

The objective of the present study is to determine by experiments the biaxial failure data for 

composite laminates produced by Fokker Aerostructures based on the thermoplastic UD carbon 

reinforced material AS4D/PEKK-FC. 

A test machine and accompanying cruciform specimens for in-plane biaxial failure tests have been 

developed. A coupon-level biaxial test program covering various biaxial load combinations in tension-

tension, tension-compression and compression-compression has been successfully executed and 

biaxial failure values for the thermoplastic laminate have been determined. 
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Besides the experimental biaxial test program, also finite element models and analyses have been 

used to predict the global outcomes of the biaxial tests and to interpret the test results. 

Both plain (un-notched) and open-hole (notched) specimens of the thermoplastic laminate have 

been tested. The biaxial failure data have been collected and further processed in biaxial failure 

criteria. From the experiments, the failure strains, stresses and loads are determined and a failure 

envelope is created for both plain and open-hole specimens. Good agreement is found between the 

theoretically predicted envelopes and the test data. 

From the findings for biaxial failure criteria from this study it is expected that structural weight saving 

can be achieved in the design of multi-axially loaded composite parts as compared to the design with 

the previous uni-axially based failure criteria. 

Keywords 

Quasi-isotropic laminate, failure test, coupons, finite element model 

Introduction 

Modern composite laminates offer large advantages in comparison to metals for the design and 

development of aircraft structures, for example by their local anisotropic properties and by their 

greatly enhanced strength-to-weight and stiffness-to-weight ratios.1 In particular, thermoplastic 

composites have additional benefits, among others due to their improved toughness, impact 

resistance, damage tolerance, reparability and manufacturability.2 

Aircraft structures are loaded multi-axially and material failure is one of the driving design criteria in 

the structural design process. Detailed knowledge of the strength properties of composite laminates 

under multi-axial loading is therefore a research topic which is of paramount importance.3 Static 

strength properties are commonly evaluated by conventional static coupon tests with uni-axial 
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loading.4 Due to their anisotropic nature, the static strength of composite laminates under multi-axial 

loading strongly depends on the applied load combination. The understanding of the behaviour of 

composite laminates under multi-axial loading is of great practical significance, since bi- or even tri-

axial loading regimes are the norm in real engineering structures. Composite material failure is 

therefore subject of extensive study. For example, a recent extensive review of composite material 

failure models, including discussions of the various reviewed theories, was published in 2008 by 

Orifici et al.5 They presented many different criteria, roughly from the literature from the past four 

decades, e.g. based on fibre failure, matrix failure, or fibre-matrix shear failure, and criteria for ply 

failure and delamination onset and –growth. However, a single unified failure theory that can 

accurately predict the initial onset and final failure of a general laminate under general loading is 

lacking, as appeared in the 2004 World-Wide Failure Exercise (WWFE),3 where also the scarcity of 

reliable experimental data for bi-axially (2-D) and tri-axially (3-D) loaded composites was exposed. 

Nevertheless, various biaxial test procedures have been designed and applied in the past decades, 

mostly limited to biaxial tension only.6 

One effective method to measure biaxial mechanical properties of composite laminates is through in-

plane biaxial testing using cruciform specimens. In an early specimen design study finite element 

method (FEM) calculations on different cruciform specimen geometries and some different materials 

were done to determine which specimen design yielded the most suitable biaxial stress 

distribution.7,8 These cruciform specimens had a reduced thickness in the central test section. The 

behaviour of the specimens was investigated for isotropic aluminium (AL-2024-T3), graphite-epoxy 

(T300/N5208) and graphite-PEEK (AS4/PEEK) materials with [45/0/-45/0]s lay-ups. On the cruciform 

arms, plies of the same material were added with various layups of [0/90]ns, [+15]ns, [+30]ns, [+45]ns 

and [45/-45]ns. The resulting most suitable cruciform specimen design was adopted in9 to 

experimentally determine the biaxial strength of quasi-isotropic (QI) laminate (carbon fibre/180oC 

cured epoxy HTA/#101) with a [0/90/45/-45]s lay-up and a thickness of 1 mm in biaxial tension-

tension and tension-compression tests. In the study presented in,9 glass fibre laminate tabs were 
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bonded on the carbon laminate to reinforce the arms and FEM simulations were performed, which 

showed the intended stress concentration in the central gauge section. Experiments were 

successfully performed to determine the failure loads in tension-tension and tension-compression. 

High speed camera images showed that failure was initiated in the central specimen gauge section. 

The cruciform specimen design proposed in8 was also adopted in more recent experimental 

studies10,11 where among others the effects of open-hole on biaxial failure strength was investigated. 

In10 a quasi-isotropic ([0/45/90/-45]s) carbon composite (Hexcel IM7/8552 unidirectional prepreg) 

laminate core with a nominal thickness of 2 mm was considered. Similar as in9,11 this carbon laminate 

was bonded between two large glass fibre (G10 woven) tabs (Figure 1). Plain and open-hole (10 mm 

diameter) specimens were successfully tested in,10 but the biaxial load ratios were limited to only 

tension-tension and tension-compression. 

 

Figure 1. Illustration of the design and sizing of the cruciform coupon used by Huang et al.10 The coupon consists of a 
central carbon-fibre composite (CFRP) layer with large glass-fibre composite (GFRP) tabs attached on both sides of the 
laminate. 
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Just like in,9,10,11 the specimen used in this study is also based on the cruciform design proposed in8 

and also the static strength is determined for plain and open-hole (un-notched and notched) quasi-

isotropic carbon composite laminates under in-plane biaxial loading. In addition to the biaxial load 

ratios tension-tension and tension-compression considered in,10,11 now also biaxial compression-

compression loading is considered. The biaxial test machine and cruciform specimen design were 

specifically developed for these tests. In total 28 biaxial tests under various biaxial load-ratios were 

successfully performed, from which the static strength values were determined. Recordings were 

made of the specimen arm loads and of the local laminate failure strains using digital image 

correlation (DIC) strain measurements. These static strength values were used for the validation and 

further development of a biaxial failure model for the considered laminate. 

Specimen design and production 

The present study investigates the static strength of notched and un-notched 8-ply quasi-isotropic 

([45/0/-45/90]S) thermoplastic carbon composite laminate under in-plane biaxial loading. The 

specimen used in this study is based on the cruciform designs proposed in Suzuki and Ishikawa and 

Huang et al.8,10 The specimen consists of the central carbon-fibre reinforced polymer (CFRP) 

composite laminate (about 1.1mm thick; 8 plies) with large glass-fibre reinforced polymer (GFRP) 

composite tabs attached on both sides of the laminate. The ply properties of the thermoplastic CFRP 

material (Cytec AS4D/PEKK-FC) are given in Table 1. 

Table 1. Ply properties of AS4D/PEKK-FC. 

Property Value 
Ply thickness: tply [mm] 0.14 
Longitudinal stiffness: E11 [MPa] 139000 
Transverse stiffness: E22 [MPa] 10300 
Shear stiffness: G12 [MPa] 5200 
Poisson’s ratio: ν12 [-] 0.3 
Longitudinal tensile strength: f1

t [MPa] 2463 
Longitudinal compressive strength: f1

c [MPa] -1493 
Transverse tensile strength: f2

t [MPa] 61 
Transverse compressive strength: f2

c [MPa] -254 
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Longitudinal shear strength: f12 [MPa] 100 
 

The cruciform specimen in this study shall have a gauge section diameter of about 31.8mm. The 

notched cruciform specimen shall have an open-hole diameter of about 6.35mm, to be applied in the 

centre of the circular gauge section. The final sizing of the cruciform specimen is achieved by 

determining suitable values for the two design variables of the specimen: the cruciform radius R and 

the tab thickness ttab (see Figure 2). These design variables have been determined using linear finite 

element (FE) analyses. The FE model that was used in these analyses will be described in a separate 

section below.  The specimen sizing is such that the maximum stresses occur in the central test 

section of the specimen (i.e. in the CFRP laminate) and such that the estimated CFRP laminate failure 

stress level of about 1 GPa is achieved in the test section with arm loads that are less than 200kN, i.e. 

the arm loads that must be feasible with the test machine. The estimated CFRP laminate failure 

stress level is based on un-notched uni-axial coupon tests. The resulting suitable values that were 

found for the design variables of the specimen are a cruciform radius R of 70mm and the tab 

thickness ttab of 6mm (see Figure 2). 

 

 

Figure 2. Final design and sizing of the cruciform specimen for the biaxial tests. 
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Each cruciform specimen is composed by secondary bonding of one CFRP and two GFRP cruciform 

parts. First the cruciform contours of the CFRP and GFRP parts are precision-machined out of CFRP 

laminate plates of about 360mm x 360mm, 1.13 mm thick (mean value over all specimens; the 

theoretical 8 ply thickness is 1.12mm), and GFRP laminate plates of about 360mm x 360mm, 6mm 

thick. Then the 31.8mm diameter hole for the central gauge section and the 140mm outer-diameter 

central conical-tapered section are precision-machined in the GFRP parts. The machined CFRP and 

GFRP cruciform parts are prepared by proper cleaning and de-greasing of the bonding surfaces. 

Bonding film (3M™ Scotch-Weld™ Structural Adhesive Film AF 163-2 3M) sheets are cut in cruciform 

shape, then accurately positioned together with the CFRP and GFRP parts and all edges sealed with 

Flashbreaker 2 foil (3M™ High Temperature Aluminum Foil Tape 433). Then the specimen assembly is 

carefully vacuum-bagged and cured in 2 consecutive cycles of about 3hrs autoclave at 125oC and 1.4 

bar. Because of the high cost of the manufacturing of the specimens, only a rather limited number of 

28 specimens in total could be produced in the present study. Of these specimens, 14 are kept as 

plain (un-notched; see Figure 3) and the other 14 are prepared as notched specimens by drilling a 

6.35mm diameter open-hole in the centre of the gauge section.  

 

Figure 3. Photograph of the plain (un-notched) cruciform specimen produced in this study. 
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For strain measurements, all specimens were prepared for one-sided Aramis12 DIC measurements 

with a standard speckle pattern. On a small sub-set of the un-notched specimens, also 45o strain 

gauge rosettes (Micro Measurements stacked rosette type WA-06-120WR-35013), were fixed in the 

centre of the test section, giving the local strain values for ε1, ε2, ε45, measured in the laminate’s 0o, 

90o and 45o directions, respectively. 

Biaxial test machine 

In accordance with the aims of the study to investigate composite laminate failure in planar biaxial 

tensile and compressive load states, a test rig for biaxial failure testing of composite laminates was 

developed. Several concepts for the test rig have been evaluated, first leading to an initial design for 

a horizontal loading frame and eventually to the final design of the complete test rig. The final test 

rig design is based on the concept where the vertical loading axis is a conventional vertical uni-axial 

testing machine and the horizontal loading axis is force-free suspended, i.e. is not fixed but moves 

with the deforming coupon. This concept was found to be applied successfully in the past, e.g. in 

biaxial fatigue testing of metallic coupons14 (Figure 4). 
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Figure 4. Example of biaxial test rig with force-free suspended horizontal loading axis as applied by Charvat and Garrett.14 

The design of the NLR biaxial test machine is mainly concerned with the frame and suspension of the 

horizontal loading axis. This horizontal loading frame is mounted by vertical suspension springs in the 

500kN MTS dynamic test rig (MTS type MTS328.4115), much like the test set-up as presented in.14 The 

horizontal loading frame comprises mainly: 

• 2 hydrostatic symmetrical double acting actuators16, max. stroke 300mm, 100kN each; 

• stiff steel connection beams; 

• 2 load-cells,17 type 1220-25klbf; 

• 2 hydraulic grips,18  max. 200kN both in tension and compression; 

• 2 vertical suspension springs, each with a stiffness of 11kN/m; 

• a steel frame, mounted on top of the MTS test rig, from which the horizontal loading frame is 

suspended. 

The horizontal loading frame, including the hydraulic actuators, grips, hoses and couplings, weighs in 

total about 500kg. The vertical suspension is achieved through steel tension springs of about 0.5m 
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long and chain hoists for global vertical positioning of the horizontal loading frame. The stiffness of 

the suspension springs of about 11kN/m, yields a spring extension due to the horizontal loading 

frame of about (500x9.81 N)/(2x11000 N/m) = 0.223m, and “parasitic” vertical forces on the coupon 

may occur of about 22N for each mm of movement of the horizontal loading frame away from the 

force-free suspended vertical position. As these movements are expected to not be more than a few 

mm, the resulting parasitic vertical forces are expected to remain below 100N maximum, which is 

quite acceptable when taking into account that the coupon arm forces in the tests are expected to be 

in the order of 100kN at coupon failure. 

The feasible arm loads in the coupon that can be achieved by the biaxial test rig are currently mainly 

limited by the hydraulic grips that are used in the rig, which have maximum load capacities of roughly 

200kN for the horizontal axis and 500kN for the vertical axis. The resulting design of the NLR biaxial 

test rig is illustrated in the Figure 5. 
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Figure 5. Design of the biaxial test rig. The horizontal loading frame (coloured parts) is mounted in the MTS dynamic test 
rig (semi-transparent parts) by vertical suspension springs (not shown here). The coloured parts represent the steel 
frame on top (in red), the hydrostatic double acting actuators (in black), the stiff steel connection beams (in orange), the 
2 load-cells (in blue), the hydraulic grips (in green) and steel connection components (in bright grey); the specimen is 
shown in yellow. 

According to this design, the NLR biaxial test rig has been realized as illustrated in the test set-up 

shown in Figure 6 and Figure 7.  
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Figure 6. Overview of the biaxial test set-up. 

The test set-up shown above is applied for the biaxial tension-only tests (i.e., only tension-tension 

tests). For the compression tests (i.e., tension-compression or compression-compression tests) an 

anti-buckling guide (ABG) must be applied to prevent the out-of-plane bending or buckling of the test 

section under the compressive loading. This ABG is specifically designed and built for the cruciform 

specimens, and its deployment in a compression-compression test is shown in the Figure 7. The ABG 

consists of two concentric teflon-coated steel rings that are pressed on both sides of the specimen 

surface. Two different types of ABG rings have been used during testing: closed rings (suppressing all 

central out-of-plane displacements) and open rings (allowing visibility on central region for Aramis 

system), as illustrated in Figure 8. 
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Figure 7. Test set-up for compression tests (in this case compression-compression) where an ABG (in centre of the 
picture) is applied to prevent the out-of-plane bending or buckling of the test section. 

(a)  (b)  

Figure 8. Two different types of anti-buckling guides are used: (a) with closed rings and (b) open rings. (The colour 
patterns are from Aramis strain recordings) 

 

Finite element model and predictions 

For a global understanding of the behaviour of the specimens in the biaxial tests, various FEM 

analyses of the biaxial tests are performed. The analyses are meant for investigations of the effects 
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and trends occurring in the various biaxial tests, taking into account the actual geometry (in-plane 

and thickness) of the specimen. Therefore these analyses are limited to linear static FEM analyses 

using linear elastic material behaviour.  For the global specimen failure estimation, the effective in-

plane failure stress (based on uni-axial coupon tests) of the 8-ply quasi-isotropic CFRP laminate is 

considered (Table 2). Hence the FE model is limited to homogenized in-plane-isotropic material 

properties of the laminate. To account also for out-of-plane effects due to the thickness variations in 

the geometry of the GFRP tabs and due to the compression forces of the grips on the arms of the 

cruciform, a 3D FE model of the specimen with 3D quadratic elements is used. The homogenized 3D 

effective orthotropic material properties for the CFRP and GFRP laminates that were used in the FE 

analyses are specified in Table 2. Note that the out-of-plane properties for the laminates were not 

exactly known and therefore quite conservative (low) values were used. From various analyses it was 

also found that these values play a minor role because the specimen behaviour is dominated by its 

in-plane properties. 

Table 2. CFRP and GFRP laminates effective material properties. 

CFRP 8 ply QI laminate effective properties (UD 
AS4D-PEKK-FC) 

Property value 

Layup [-] [45/0/-45/90]s  

Thickness [mm] 8x0.14 mm = 
1.12 mm 

E11 [MPa] 54000 

E22 [MPa] 54000 

E33 [MPa] 3500 
G12 [MPa] 20600 

G23 [MPa] 3500 

G13 [MPa] 3500 

ν12 [-] 0.31 

ν23 [-] 0.31 

ν13 [-] 0.31 
in-plane strength for un-
notched tension failure: fu

t 
[MPa] 

860 

GFRP n-ply laminate effective properties 
(glass–fiber/polyetherimide - glass/PEI) 

Property value 

Layup [-] [0/90]n 
woven plies 

ply thickness [mm] 0.24mm 

E11 [MPa] 18000 
E22 [MPa] 18000 

E33 [MPa] 3500 

G12 [MPa] 3500 

G23 [MPa] 3500 

G13 [MPa] 3500 

ν12 [-] 0.3 
ν23 [-] 0.3 

ν13 [-] 0.3 

in-plane strength for un-
notched tension failure: fu

t 
[MPa] 

300 
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in-plane strength for notched 
tension failure: fn

t [MPa] 
443 

 

 
 

The global specimen FE model is developed in ABAQUS CAE 6.1219 and consists of three parts, see 

Figure 9: the central CFRP laminate (black), the GFRP conical tabs (red) and steel (isotropic, 

E=200GPa, ν=0.3) blocks of 4mm thick (grey) that represent the grips of the test rig. The global 

specimen model assembly comprises the CFRP laminate part instance, two GFRP conical tab part 

instances and eight steel block part instances (Figure 9). All part instances are fixed together with tie 

constraints. Besides the in-plane biaxial forces, this model also considers the compressive force of 

the hydraulic grips i.e. applied on the steel blocks upper faces, which is assumed constant and equal 

to the maximum in plane force (i.e. about 200 kN). For efficiency, the symmetry in the X, Y and Z 

centre-planes of the geometry, properties and boundary conditions of the global specimen model is 

exploited and the analyses are performed on one-eighth (1/8) of the whole geometry, as indicated in 

the Figure 9. 

(a)

 

(b) 
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(c)

 

(d)

 

(e)

 

(f)

 

Figure 9. The specimen FE model full geometry ((a) and (b)); 1/8 of the whole geometry (c) and FEM mesh without the 
steel grips blocks on the arms (d); the boundary conditions in the X, Y and Z symmetry planes (e) and loading applied on 
the steel grips blocks (f). 

For the 1/8 specimen model the total number of elements for the laminate part is 2076 (2040 

quadratic hexahedral elements of type C3D20R and 36 quadratic wedge elements of type C3D15). 

Note that in this 1/8 specimen model only half the laminate thickness is considered, i.e. only 0.56mm 

thick, and only 1 layer of quadratic hexahedral/wedge elements is used through the thickness. The 

total number of elements for the large GFRP tab is 1419 (1 layer with 285 quadratic hexahedral 

elements of type C3D20R in the cruciform arms and about 2 layers with 1134 quadratic wedge 

elements of type C3D15 in the central circular conical section). The total number of elements for the 

steel grips block part is 44 (1 layer with 44 quadratic hexahedral elements of type C3D20R). 
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Modelling the central stress state in the biaxial tests 

From the results of the simulations with the global specimen FE model  for the various biaxial load 

conditions, the relation between the arm loads and the biaxial stress state in the central test section 

can be derived (Figure 10). It should be noted that these are only the homogenised stress values, 

averaged over the plies in the laminate. The global specimen FE model is used to first evaluate the 

elastic response of the specimen to the maximum single arm loading in 1-direction (F1=200kN; F2=0) 

by linear static analysis. 

 

 

 

Figure 10. Illustration of the biaxial arm loads F1 and F2 as applied in the FEM analyses, and stresses and strains (σ1,σ2 
and ε1,ε2) as evaluated in the centre point of the test section. 

The resulting stress distribution in the specimen is shown in the Figure 11. The σ1 and σ2 stresses in 

the central test section represent the stress values averaged over the laminate plies. Their in-plane 

distributions are rather homogeneous within the central test section, with an envelope of stress 

values of about ±5% around the mean. 
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F2 

F2 
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(a)

 

(b)

 

(c)

 

(d)

 

(e)

 

(f)

 

Figure 11. The resulting stress distributions in the specimen due to the maximum single arm loading in 1-direction 
(F1=200kN; F2=0). (a): σ1 in upper surface of the specimen; (b): σ2 in upper surface of the specimen; (c): σ1 in mid-plane of 
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the specimen; (d): σ2 in mid-plane of the specimen; (e): σ1 in central test section of the specimen; (f): σ2 in central test 
section of the specimen. For completeness, also the FEM mesh density is included in the graphs (note: quadratic 
elements). 

The stress values for this load case in the centre point of the specimen are (approximately): 

 F1=200kN; F2=0: σ1=1169MPa ; σ2=-269MPa 

Because of the symmetry of the global specimen FE model , it can be expected that the elastic 

response of the specimen to the maximum single arm compression loading in 2-direction (F1=0 ; F2=-

200kN) would be vice versa, and the stress values in the centre point of the specimen would be 

(approximately): 

 F1=0 ; F2=-200kN: σ1=269MPa ; σ2=-1169MPa 

This is indeed confirmed by the FEM analysis results, where these values are also found in the centre 

point of the specimen, see Figure 12. Moreover, the stress distributions in the specimen are also as 

expected from the symmetry of the load state. 

(a)

 

(b)
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(c)

 

(d)

 

(e)

 

(f)

 

Figure 12. The resulting stress distributions in the specimen due to the maximum single arm compression loading in 2-
direction (F1=0 ; F2=-200kN). (a): σ1 in upper surface of the specimen; (b): σ2 in upper surface of the specimen; (c): σ1 in 
mid-plane of the specimen; (d): σ2 in mid-plane of the specimen; (e): σ1 in central test section of the specimen; (f): σ2 in 
central test section of the specimen. 

This linear FE model can be used to easily predict the stress and strain state in the specimen. Because 

the relation between the arm loads and the central stress and strain values in the specimen is of 

particular interest in this study, a simple algebraic model is derived for this relation from the linear FE 

results. Therefore, first the relations between the stresses in the centre point of the specimen and 

the arm loads in 1 and 2 directions (corresponding to the laminate 0o and 90o directions, respectively) 

are expressed as a general linear relationship: 
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(1) 

(2) 

The unknown coefficients ijα  can now be determined from the stress values found from the FEM 

analyses. The stress is zero in the un-loaded state, this yields: 02010 ==αα . Moreover, because of 

the symmetry of the stress state (as shown with the FE results above) it is found: 

2112222111 :;: αααααα ==== , and with this the stress relation can be simplified to: 

21122

22111

FF
FF

αασ
αασ
+=
+=

 

(3) 

(4) 

Solving the unknown coefficients for (F1=200kN; F2=0; σ1=1169MPa ; σ2=-269MPa) yields: 

kN
MPa345.1

200kN
269MPa;

kN
MPa845.5

200kN
MPa1169

21 −=
−

=== αα  
(5) 

Now the aim is to express the biaxial stress state in terms of the biaxial arm loads. For convenience of 

notation, the following ratios between the linear biaxial coefficients, the biaxial arm loads and the 

biaxial stresses are introduced: 
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And the linear biaxial stress equations are re-written: 
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(9) 

Note that α is a constant that depends on the geometry and material properties of the specimen 

(and on the boundary conditions applied in the biaxial tests); note that β  is just the ratio between 

the 1 and 2 direction arm loads in any given biaxial load state. 
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With this simple algebraic model for the biaxial stress ratio (γ ), the arm loads ratio (β ) that is 

needed to achieve a desired biaxial stress ratio in the specimen centre can be simply determined. For 

example, the biaxial stress ratio 0=γ  (i.e. σ1=0 ; σ2≠0) is achieved by the arm loads ratio: 

23.0101 =−=⇒=+
α

βαβ
 

(10) 

And the biaxial stress ratio ∞=γ  (i.e. σ2=0 ; σ1≠0) is achieved by the arm loads ratio: 

346.40 =−=⇒=+ αβαβ  (11) 

Alternatively, if the arm loads ratio 0=β  (i.e. F1=0 ; F2≠0) then the biaxial stress ratio γ  is: 

23.01
−==

α
γ

 

(12) 

Or if the arm loads ratio ∞=β  (i.e. F2=0 ; F1≠0) then the biaxial stress ratio γ  is: 

346.41lim
−==

+
+

∞→
= α

αβ
αβ

β
γ

 

(13) 

With these ratios the required arm loads for the intended biaxial tests can be determined. 

Modelling the central strain state in the biaxial tests 

From the linear static FE model evaluation of the elastic response of the cruciform specimen to the 

maximum single arm loading in 1-direction (F1=200kN; F2=0) also the resulting strain distributions in 

the specimen are found, as shown in the Figure 13. 



 
 
 

27 

NLR-TP-2015-019  |  May 2017 

 

  

Vankan et al. 

(a)

 

(b)

 

(c)

 

(d)

 

Figure 13. The resulting strain distributions in the specimen due to the maximum single arm loading in 1-direction 
(F1=200kN; F2=0). (a): ε1 in upper surface of the specimen; (b): ε2 in upper surface of the specimen; (c): ε1 in mid-plane of 
the specimen; (d): ε2 in mid-plane of the specimen. 

The strain values for this load case in the centre point of the specimen are (approximately): 

 F1=200kN; F2=0: ε1=0.0232 ; ε2=-0.0117 

Because of the symmetry of the specimen (geometry and layup) and the loading, the elastic response 

of the specimen to the maximum single arm compression loading in y-direction (F1=0 ; F2=-200kN) 

are vice versa, as expected, and the strain values in the centre point of the specimen are therefore 

(approximately): 
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 F1=0 ; F2=-200kN: ε1=0.0117 ; ε2=-0.0232 

Indeed this result is confirmed from the FEM analysis. 

With the simple algebraic model for the biaxial stress state and the arm loads and considering linear 

orthotropic material behaviour of the laminate, also the relations between the arm loads and the 

biaxial strain state in the central test section can be derived. Assuming plane stress conditions in the 

central test section of the laminate, the in-plane stress-strain relation is expressed as: 
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(14) 

Using the in-plane effective stiffness properties of the laminate (Error! Reference source not found.): 

GPaGG
GPaEEEEE

6.20
0.54

31.0

12

222111

2112

==
=====

=== ννν

 

 

(15) 

It is found: 
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Consequently, for the biaxial strain ratio in the central test section of the laminate it can be found: 
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(17) 

This can also be expressed in the biaxial constant α  and the biaxial arm loads ratio β : 
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A linear relationship between the biaxial strains and arm loads similar to the biaxial stresses can be 

expressed: 
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(19) 

(20) 

Solving the unknown coefficients 2,1χ  for the single arm load case (F1=200kN; F2=0; ε1=0.0232 ; ε2=-

0.0117) yields: 

kN
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200kN
0117.0

kN
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1
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−

=

−==
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e
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(21) 

 

(22) 

Overview of the central stress and strain state in the intended 

biaxial tests 

Tests in the following biaxial conditions are intended (Table 3), where the tests are expressed in 

biaxial tension and compression components. 

Table 3. Explanation and coding of the intended biaxial test conditions. 

Biaxial test 
code 

Description Expected stress/strain in gauge 
section 

T1 uni-axial tension validation test in 1-direction σ1>0 ; σ2=~0 ; ε1>0 ; ε2<0 
C2 uni-axial compression validation test in 2-direction σ2<0 ; σ1=~0 ; ε1>0 ; ε2<0 
T1/T2 bi-axial tension/tension test σ1=σ2>0; ε1>0 ; ε2>0 
2T1/T2 bi-axial tension/tension test σ1= 2*σ2 >0; ε1>0 ; ε2>0 
T1/C2 bi-axial tension/compression test σ1= -σ2 >0; ε1>0 ; ε2<0 
C1/C2 bi-axial compression/compression test σ1=σ2<0; ε1<0; ε2<0 
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With the biaxial stress-, strain- and load-ratios, the required arm loads for the intended biaxial tests 

can be determined, as given in the Table 4. For completeness also the additional load cases (FT1, FC2 

and F2T1/T2) are given, representing the single, and combined, arm loads in 1- and 2-direction (i.e. 

F1>0 and F2=0; F1=0 and F2<0; F1=2F2 and F2>0). 

Table 4: Overview of the intended biaxial tests (T1,...,C1/C2) and additional load cases (FT1, FC2, F2T1/T2), with the 
values of the intended biaxial stress ratios and of the required arm load ratios for the cruciform specimen.  

Test ID Stresses in 
test-section 

Stress ratio Strains in 
test-section 

Strain ratio Arm forces Arm force 
ratio 

T1 σ1>0 

σ2=0 

∞=γ  ε1>0 

ε2=ε1/-3.2 ν
δ

−
=

1
 

2.3−=  

F1>0 

F2=F1/ β  

αβ −=  

346.4=  

C2 σ1=0 

σ2<0 

0=γ  ε1=-0.31ε2 

ε2<0 

νδ −=  

31.0−=  

F1= β F2 

F2<0 
α

β 1
−=

 

23.0=  

T1/T2 σ1>0 

σ2=σ1 

1=γ  ε1>0 

ε2=ε1 

1=δ  F1>0 

F2=F1 

1=β  

2T1/T2 σ1>0 

σ2=σ1/2 

2=γ  ε1>0 

ε2=ε1/ 4.45 ν
νδ
21

2
−
−

=
 

45.4=  

F1>0 

F2=F1/ β  α
αβ

−
−

=
2

21
 

527.1=  

T1/C2 σ1>0 

σ2=-σ1 

1−=γ  ε1>0 

ε1/ε2=-1 

1−=δ  F1>0 

F2=-F1 

1−=β  

C1/C2 σ1<0 

σ2=σ1 

1=γ  ε1<0 

ε2=ε1 

1=δ  F1<0 

F2=F1 

1=β  

Additional 
loadcases 

Stresses in 
test-section 

Stress ratio Strains in 
test-section 

Strain ratio Arm forces Arm force 
ratio 

FT1 σ1>0 

σ2=σ1/-4.346 

αγ =  

346.4−=  

ε1>0 

ε2=ε1/-1.98 αν
ναδ

−
−

=
1  

98.1−=  

F1>0 

F2=0 

∞=β  

FC2 σ1=-0.23σ2 

σ2<0 α
γ 1
=

 

23.0−=  

ε1=-0.5ε2 

ε2>0 αν
ναδ

/1
/1
−

−
=

 

5.0−=  

F1=0 

F2<0 

0=β  
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F2T1/T2 σ1>0 

σ1/σ2=3.28 α
αγ
+
+

=
2

12
 

28.3=  

ε1>0 

ε2=ε1/-180.8 

=δ  

)12(2
)2(21

+−+
+−+

ανα
ανα

8.180−=  

F1>0 

F2=F1/2 

2=β  

 

Checking strains in global FE model 

To investigate more specifically the ply-by-ply effects in the laminate of the central test section, a 

more detailed FE model of the specimen is considered. This model contains the full 3D linear elastic 

orthotropic representation of each individual ply of the laminate, accounting explicitly for the 

orientations and properties per ply as given in Table 1 for in-plane; the plies’ out-of-plane properties 

(E33, G23, G13 , ν23, ν13) are adopted from Table 2. Because of the ±45o plies that are included in this 

model as 3D layers in the laminate, the in-plane symmetry of the specimen cannot be used to 

simplify the model. Therefore the upper half-specimen model is considered with symmetry boundary 

conditions (Z-displacement is 0) in the symmetry plane (Z=0). For this half-specimen model the total 

number of elements for the laminate is 16644 quadratic hexahedral elements of type C3D20R. Note 

that in this half-specimen model only half the laminate thickness is considered, i.e. containing 4 plies 

each 0.14mm thick, and each ply contains 1 layer of 4161 quadratic hexahedral elements. 

(a)

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

 

(h) 

 

Figure 14. Top view of the specimen FE model full geometry (a) and the upper half-specimen model with loads and 
boundary conditions in the Z symmetry plane (b). Top view of the mesh of the half-specimen model (c) and zoom-in on 
the mesh of the 4 plies of the upper half of the laminate part (d). For the FT1 load case the maximum principal stress σpm 
is given in the upper surface of the half specimen FE model (e) and in each of the 4 plies in a cross-section in the gauge 
area (f). Similarly for the FT1 load case the maximum principal strain εpm is given in the upper surface of the half specimen 
FE model (e) and in each of the 4 plies in a cross-section in the gauge area (f). 

With this detailed FE model of the half-specimen also linear FE analyses of each of the intended 

biaxial test conditions is performed and the resulting stresses and strains are evaluated. As expected, 
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the stress values differ significantly over the plies (i.e. through the thickness), as illustrated by the 

principal stress plots for the FT1 load case in Figure 14. The strain values, as expected, are rather 

homogeneous in the whole gauge area and more or less equal over the plies (i.e. through the 

thickness), as illustrated by the principal strain plots for the FT1 load case in Figure 14. 

The resulting strains are also compared to the strain values from the 1/8 specimen FE model. Similar 

strain values are found in these two models, as illustrated by the strain plots for the FT1 load case in 

Figure 15. Such good correspondence between the strain values from the 1/8 specimen and the half-

specimen FE models is also found for in the other load cases. Therefore it is concluded that the 

averaged stress and strain values found with the 1/8 specimen FE model are reasonably accurate. 

(a) 

 

(b) 
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(c) 

 

(d) 

 

Figure 15. Comparison of the resulting mid-ply strain distributions in the 1/8-specimen (on the left) and the half-
specimen (on the right) FE models for the FT1 load case (maximum single arm loading in 1-direction F1=200kN; F2=0). 
Note that in the half-specimen model the ε1 strain is in the local fibre direction, i.e. in the global Y direction because the 
mid-ply has a 90o fibre orientation. (a): ε1 in mid-plane of the 1/8 specimen FE model; (b): ε2 in mid-plane (90o ply!) of the 
half specimen FE model; (c): ε2 in mid-plane of the 1/8 specimen FE model; (d): ε1 in mid-plane (90o ply!) of the half 
specimen FE model. Similar good corresponding strain values are also found for the other load cases. 

 

 

Biaxial tests and results 

Test plan 

The cruciform specimens are used for the actual assessment of the failure behaviour of the CFRP 

laminate under in-plane biaxial loading at various biaxial load ratios. Because of the QI properties of 

the laminate, the tests are limited to one half of the biaxial strain plane (see Figure 16). 
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Figure 16 The intended biaxial tests on the QI laminate, illustrated in the biaxial strain plane (ε1,ε2). Because of the QI 
properties of the laminate, the tests are limited to one half of the biaxial strain plane. 

All tests are performed with cruciform specimens with a plain (un-notched) test section and with an 

open-hole test section. All tests are performed only with “non-exposed” specimens in the “as-

received” state, at Room Temperature Ambient (RTA) conditions. 

The biaxial tests are executed with the measurements according to the test schedule in the Table 5. 

The strain gauges were applied only on the specimens 1-4. High-speed (HS) camera recordings were 

made only on the specimens 1-4, 7 and 24. Aramis DIC measurements of the central test section 

(“Aramis zoom”) were made with stereoscopic cameras (“3D”) on all the specimens (Table 5). 

Table 5. The overview of all the biaxial tests and measurements that are recorded in each test. 
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Test measurements 

The following quantities have been recorded during these biaxial tests: 

1. horizontal specimen load (F1) using the 2 load cells of the horizontal loading frame (Figure 5); 

2. vertical specimen load (F2) using the load cell of the MTS testing machine; 

3. strains as measured in 0o, 90o and 45o directions (ε1,ε2,ε45) with the central rosette strain gauge 

(only on 4 of the 28 specimens).13 

These signals were recorded using an Autolog3000 data acquisition system manufactured by Peekel 

instruments.21  Further the following measurements were made: 

4. strain measurements with Aramis DIC system12 on the test section surface at one side of the 

specimen; 

5. high-speed camera video recordings20 at one side of the specimen (opposite side as Aramis 

measurements; only on 6 of the 28 specimens). 

Specimen no. Test type Strain gauges HS camera Aramis Aramis Plain/OH
overview zoom

1 T1 Y Y 3D 3D plain
2 2T1/T2 Y Y 3D 3D plain
3 T1/T2 Y Y N 3D plain
4 T1/C2 Y Y N 3D plain      
5 C1C2 N N N 3D plain            
6 T1/T2 N N N 3D plain
7 2T1/T2 N Y 3D 3D plain
8 2T1/T2-OH N N N 3D open hole
9 C1C2-OH N N N 3D open hole

10 T1/C2 N N N 3D plain A     
11 C1/C2 N N N 3D plain A          
12 C1/C2 N N N 3D plain A      
13 C1C2 N N N 3D plain A            
14 C1/C2-OH N N N 3D open hole        
15 C1/C2-OH N N N 3D open hole        
16 T1/C2-OH N N N 3D open hole A     
17 C2-OH N N N 3D open hole            
18 2T1/T2-OH N N N 3D open hole
19 T1T2-OH N N N 3D open hole     
20 T1/T2 N N N 3D plain
21 2T1/T2 N N 3D 2D plain
22 T1C2 N N N 3D plain A      
23 T1/T2-OH N N N 3D open hole A     
24 T1/T2-OH N Y N 3D open hole A     
25 T1-OH N N N 3D open hole A     
26 2T1/T2-OH N N N 3D open hole A     
27 T1/C2-OH N N N 3D open hole A     
28 T1/C2-OH N N N 3D open hole A     
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Uni-axial conditions 

From the 28 biaxial tests, only three tests are devoted to the evaluation of uni-axial load conditions 

in the specimen. The remaining 25 specimens have been devoted to the biaxial test conditions. It 

should be noted, that even when a uniaxial tension load in x-direction is applied to the specimen, a 

negative stress in y-direction develops due to transverse compression of the test section. Therefore 

biaxial arm loads shall be applied to achieve the uni-axial stress condition in the gauge section. The 

arm force ratio 346.4=−= αβ  is applied here, as explained earlier. Besides the uni-axial tension 

test of the un-notched specimen, also one uni-axial tension and one uni-axial compression test of 

notched specimens are performed. 

Strain results 

In this section the results from the strain measurements are evaluated. Load-strain curves for five 

different load cases (T1, 2T1/T2, T1/T2, T1/C2, C1/C2) are shown in Figure 17. The Aramis strains are 

obtained through an averaging procedure over an area of the specimen. Strain gauge results are 

included in the plots when available. Overall good agreement is found between the strain gauge data 

and the Aramis data. 

(a): F1 vs. ε1 ; F2=F1/4.346 

  

(b): F1 vs. ε2 ; F2=F1/4.346 
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(c): F1 vs. ε1; F2=F1/1.527 

  

(d): F1 vs. ε2; F2=F1/1.527 

 
(e): F1 vs. ε1; F2=F1 

  

(f): F1 vs. ε2; F2=F1 

  
(g): F1 vs. ε1; F2=-F1 

  

(h): F1 vs. ε2; F2=-F1 

  
(i): F1 vs. ε1; F2=F1 

  

(j): F1 vs. ε2; F2=F1 

  
Figure 17. Load-strain curves for 5 different load cases. (a) and (b):  T1 test; (c) and (d) : 2T1/T2 test; (e) and (f) : T1/T2 
test ; (g) and (h): C1/T2 test (F1 in compression; F2 in tension); (i) and (j): C1/C2 test. Note that in all the graphs, F1 
corresponds to the vertical load in the test and ε1,ε2 correspond to εy,εx, resp. 

As can be observed in the strain plots, the strain gauge data have only limited value because the 

strain gauge rosettes detach from the specimen far before final failure occurs due to the relatively 

high local strains in the test section. Moreover, the strain gauge measurements only yield the strain 
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in the centre of the test section whereas failure may be initiated in other locations. Therefore the 

Aramis strain measurements are used to determine the actual failure strain in the biaxial tests. 

Failure strains and stresses 

Failure strains ε1 and ε2 (in vertical and horizontal test rig axes, resp.) are derived in two different 

ways. The first method is to select a location on the linear regime of the load-strain relation and to 

scale this load and its corresponding strain to the Aramis measured failure load. This relation is 

shown by the dotted line in Figure 17. The failure stresses are calculated through the plane stress 

relations given below. 

𝜎𝜎1 =
𝐸𝐸

1 − 𝜈𝜈2
(𝜀𝜀1 + 𝜈𝜈𝜀𝜀2) 

𝜎𝜎2 =
𝐸𝐸

1 − 𝜈𝜈2
(𝜀𝜀2 + 𝜈𝜈𝜀𝜀1) 

(23) 

 

(24) 

The second method is to directly read off the failure strains recorded by Aramis and to use the plane 

stress relations to compute the failure stresses. For each load case always one of the methods 

deemed to give the most realistic results. Hence, for the load cases T1, T1/C1 and C1/C2 the first 

method was used, while for the load cases T1/T2 and 2T1/T2 the second method has been used to 

compute the failure strain. 

An overview of the failure loads and stresses from the biaxial tests is given in Table 6. Failure loads F1 

and F2 are measured with the MTS test rig and the load cells17. Three specimens have invalid failure 

loads due to buckling or initial damage being present. 

Table 6. Failure loads and stresses for different specimens. 

Load case Sp. no. F1 [kN] F2 [kN] σ1[MPa] σ2 [MPa] Remark 
T1 1 40 175 54 905  
T1-OH 25 22 95 28 491  
2T1/T2 2 137 209 621 1120  
2T1/T2-OH 26 76 116 - -  
2T1/T2-OH 18 81 124 311 576  
T1/T2 3 213 213 1094 1119  
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T1/T2-OH 23 130 130 619 627  
T1/T2-OH 24 122 122 - -  
T1/C2 4 71 -71 - - Invalid, buckling 
T1/C2 10 81 -81 494 -611  
T1/C2-OH 27 45 -45 277 -343  
T1/C2-OH 16 45 -45 - -  
C1/C2 5 -146 -146 -714 -699  
C1/C2-OH 9 -90 -90 -440 -430  
C1/C2-OH 15 -73 -73 - - Invalid, damaged 

notch 
C1/C2-OH 14 -76 -76 - - Invalid, damaged 

notch 

Aramis strains interpretation 

From the Aramis recordings the strain field is calculated and visualized by colour coding. 

Supplementary to the strain measurements described above, the visual recordings show the 

initiation of cracks, specific regions at which the strains reach excessive values or de-laminations 

through plotting the out-of-plane displacement. The Aramis visual recordings aid in determining at 

which applied load the specimen fails, such that together with the load-strain relations, a failure 

strain is obtained.  

A typical Aramis recording is shown in Figure 18 in which the Von Mises strain recording prior to 

failure and after failure for a plain specimen under the load case biaxial tension (2T1/T2) is 

presented. A homogeneous strain field in the centre of the specimen is observed. The “red ring” does 

not represent high strain values but is an artefact from the Aramis strain calculation at the boundary 

of the test section due to the discontinuity in properties (laminate-tab surface). Figure 18(b) shows 

that failure of the specimen takes place in the centre and additionally, cracks occur in the tab. Figure 

19 shows the applied vertical load plotted against the stage number. The stage represents an 

instance in time. The sudden decrease in load corresponds to the moment at which the specimen 

fails. 
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(a)  (b)  
Figure 18. Aramis Von Mises strain for specimen 2 (2T1/T2): (a) just prior to failure, vertical load 210.4 kN; (b) After 
failure. 

 

Figure 19. Applied vertical load versus stage number for specimen 2 (2T1/T2) 

 

 

 

Specimen no. 23 and 24 are both subject to the T1/T2-OH load case. The difference in failure 

behaviour between the two specimens is shown in Figure 20. Both specimens show strain patterns in 

the direction of the fibres of the outer layer, i.e. in -45o and +45o directions for the specimen no. 23 

and 24, respectively.  These strain patterns probably correspond to resin rich areas and are observed 

more pronounced in specimen no. 23. 

(a)  (b)  
Figure 20. Aramis Von Mises strain with resin rich areas: (a) specimen 23 (T1/T2-OH); (b) specimen 24 (T1/T2-OH). 
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Specimen no. 9, 14 and 15 are all loaded in biaxial compression (C1/C2-OH). From detailed inspection 

of these open-hole specimens it was found that the latter two have damage due to drilling the notch, 

while specimen no. 9 does not have this. This is recognized in the performance and failure behaviour 

of these specimens. The failure loads of these initially damaged specimens (see Table 6) show 

significantly lower values (more than 14% difference) than for the un-damaged (specimen 9). The 

damage initiation and propagation among the three specimens differs due to this damage. The 

damage around the notch created an initial delamination in these specimens. As the load is increased 

the delamination expands around the notch. An example of this is shown in Figure 21 where for 

specimen no. 14 the out-of-plane displacement is shown. The displacement colour scale is set from -

0.1 mm to 0.1 mm, which is approximately the ply thickness. Noteworthy is that the initial 

delamination is found to be at the location at which the damage due to drilling was induced. The 

delamination starts to propagate at a relatively low applied load. For the intact specimen a very 

minor out-of-plane displacement occurs at a relatively high load, just prior to failure, as is shown in 

Figure 22. Furthermore, the failure behaviour in the intact specimen is much more abrupt compared 

to the initially damaged specimens. 

(a)  (b)  (c)  (d)  
Figure 21. Out-of-plane displacement specimen 14 C1/C2-OH revealing de-laminations: (a) Vertical load -58.1kN; (b) -60.1 
kN; (c) -72.8kN; (d) -74.kN. 
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(a)  (b)  (c)  (d)  
Figure 22. Out-of-plane displacement specimen 9 C1/C2-OH: (a) Vertical load -81.5kN; (b) -85.4kN; (c) -87.9kN; (d) -89.8 
kN. 

Biaxial failure Envelopes 

Based on the observations from the Aramis recordings as well as the load-strain relations, a failure 

load and failure strain has been determined. From this the failure stresses have been computed for 

the different load cases. These failure stresses can be plotted to form a failure envelope, which 

represents the combinations of biaxial loading resulting in failure. 

Figure 23 displays the failure envelopes for the plain specimens as well as for the open-hole 

specimens. The presented solid red data points are obtained through the above described 

procedure. With the generally used classical laminate theory the ply stress and strain for each ply in 

the laminate are determined. These stresses and strains are compared with the known allowable ply 

stresses and strains using the Puck failure criterion27. The input for the failure criterion are the 

properties as given in Table 1 and the recommended slope parameters (pt
⊥=0.35; pc

⊥=0.3; pt
⊥⊥=0.25; 

pc
⊥⊥=0.25) as given in27. Laminate failure occurs when the first ply exceeds the allowable fibre 

strength (f1
t or f1

c). 

The theoretically predicted failure envelopes for both the plain specimen, based on the Puck failure 

criterion27 and the open-hole specimen based on the stress-field method22,23,24,25 in combination with 

the Whitney-Nuismer point stress method26 are plotted. The two data points at the right-hand top in 

the plain specimen plot are directly based on Aramis strain recordings and the remaining data points 
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have been linearly scaled. The data points in the plot of the open-hole specimens have all been 

linearly scaled. Furthermore, in this same plot additional data points (black crosses) are given. These 

data points are based on observed damage initiation rather than actual failure and they show a 

closer correlation with the theoretically predicted envelope, as this envelope predicts first ply failure. 

(a)  (b)  

Figure 23. Failure envelopes: (a) plain specimens; (b) open-hole specimens. 

Conclusions 

The objective of the present study was to determine by experiments the biaxial failure data for 

laminates produced by Fokker based on the UD carbon reinforced thermoplastic material 

(AS4D/PEKK-FC). In particular the general validity of bi-axial failure criteria, which are mostly based 

on thermoset composite materials, has been checked for thermoplastic composite materials. 

A biaxial test program covering various biaxial load combinations in tension-tension, tension-

compression and compression-compression has been successfully executed and biaxial failure values 

have been determined. 

It was found that the biaxial load-case with at least one compression components, buckling or 

bending of the laminate in the central test section of the specimen was very critical. Therefore an 

anti-buckling guide (ABG) was successfully designed and applied in the biaxial tension-compression 

and compression-compression load-cases. It appeared that the ABG should support an as large as 

possible area of the test section in order to be most effective. However, a small area of the test-
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section had to remain unsupported by the ABG to allow for the DIC strain measurements with the 

Aramis DIC system. 

Besides the experimental biaxial test program, also FE modelling and analyses are used, both to 

predict the global outcomes of the biaxial tests and to interpret the test results.  

From the Aramis DIC system failure loads and strains have been obtained. Failure stresses have been 

determined by either scaling the failure load to the linear portion of the load-strain relations or by 

directly considering the failure strain recorded by Aramis. The stresses have been used to construct 

failure envelopes for the plain and open-hole specimens. For both envelopes it is concluded that 

good agreement is found between the theoretically predicted envelopes and the data from the tests. 

This confirms that the general failure criteria, primarily developed for thermoset material, are also 

valid for thermoplastic material and that thermoplastic specific properties do not adversely affect the 

current failure theories, nor that effects are missed in those criteria. 

Based on the findings given in this report it is expected that composite parts with lower weight can 

be made as compared to parts that are designed with the previous uni-axially based failure criteria. 
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