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Abstract
The aim of this work is to study the thickness effect in static and fatigue tests of glass-fibre unidi-
rectional compression coupons. For this purpose, the self-heating effect, the effect of specimen
geometry, and the influence of the manufacturing processes have been minimized. A scaled
thickness compression coupon has been designed with the intention of reducing the influence of
geometrical differences and of the manufacturing process as the thickness isscaled. In addition
the self-heating effect was controlled by tuning the test frequency. The coupon design was based
on a finite element analysis. The development of the manufacturing process and the design of
the gripping configuration are reported in the present work.Experimental data from static and
fatigue tests are reported for 4, 10 and 20 mm thick coupons where the static allowables, elas-
tic modulus, Poisson ratios and the R=10 S-N curves are compared in order to evaluate the
thickness effect.

1. Introduction

Thick laminates are increasingly present in large composite structures such as wind turbine
blades. Specifically cap and root sub-components can show thicknesses from 40-60 mm in a
40 meters long blade and up to 100-150 mm thick for a 100 metersblade. Generally, blade
designs are based on static and fatigue coupon tests on 1-4 mmthick laminates. However, a
thickness effect has been observed in limited available experimental data on thickness scaled
multidirectional laminates (with dominant 0◦ plies), showing significantly shorter fatigue life
in thick laminates under R=0.1 (tension) and R=-1 (tension/ compression), and an ultimate
tension strength reduction [1, 2].

Although there is some disagreement on the existence of a size effect in composites, different
factors are suspected to play a role in the altered static anddynamic performance of thick lam-
inates. These include the effect of self-heating [3] for dynamic loading, the scaling effect [4],
and the manufacturing process influence [5]. These need to beclearly separated from e.g. the
test conditions [6, 7] such as the gripping effects, the test fixture or the test method.

In addition to the ISO and ASTM compression standards, several compression test methods for
coupon thicknesses between 1-5 mm can be found in literature. Different parameters have been
taken into account, such as the tab taper angles [7], the tabbing material or configuration [8] and
the shear-and-end combined loading [9].
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Figure 1: Scaled compression coupon parametric geometry, and dimensional parameters.

Figure 2: One quarter coupon model mesh and boundary conditions.

A few references are available in literature related to scaled compression tests on composites.
Hsiao [9] performed static tests up to 10 mm thickness on UD (Unidirectional) carbon coupons
observing no significant reduction of the ultimate strength. On the contrary, Soutis et al. [10]
performed several series of carbon open-hole thickness-scaled static tests up to 8 mm observing
a reduction of the ultimate strength. In addition Cordes [11] performed a series of compression
tests on 10 mm thick specimens with different cross-ply lay-ups from which it was concluded
that the static behaviour of the cross ply composites is dominated by the zero degree layers.

2. Scaled coupons parametric FEM design methodology

In order to engineer the scaled coupon geometries, a FEM parametric analysis was carried out
using MSC Marc software. The geometry and relevant parameters are described in figure 1.

The parametric FEM analysis was performed for the 10 mm thickcoupons. Based on case 0
dimensions (see figure 6) one geometrical parameter per case(see table 2) was modified in
order to analyse the influence. One quarter of the coupon was simulated and two different
meshes have been considered:

• 9072 2D four-node elements. With a maximum element length of0.5 mm in the gauge
section and initial tab area.
• A second equivalent mesh with cohesive elements between each laminate layer in order

to consider tab delamination.

The model boundary conditions are shown in figure 2. A clamping surface grip pressure of
200 bar was used. The total load applied was 150 kN for a thickness (dimension e, figure 1)
of 10 mm. The total load is distributed between the shear loadand the end load based on an
unknown distribution factorα according to equation (1). The distribution factorα is included
in the parametric analysis in a range between 0.05 to 0.95.

FTotal = FEnd+ FS hear ; FEnd = (1− α) · FTotal (1)

Each ply is modelled with two rows of 2D solid elements with the orthotropic material prop-
erties given in table 1. Bilinear cohesive elements are usedbetween each layer given in ta-
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FEM
Materials

Modulus E [GPa] Poisson [-] Shear modulus G [GPa]
11 22 33 11 22 33 11 22 33

UD 39.90 13.19 13.19 0.26 0.20 0.08 3.5 3.5 3.5
Biax(12) 25.00 25.00 13.10 0.15 0.15 0.08 3.5 3.5 3.5

GI [kJ/m2] GII [kJ/m2] Critical opening [µm] Max opening [µm]
Cohesive 1.25 4.00 5.41 29.4

Table 1: Materials and cohesive elements properties used in the FEM models.

Parameter Cases Values
g [mm] 0 / 1 / 2 / 3 5 to 40
n [mm] 0 / 4 / 5 / 6 / 7 / 8 14 to 50
l [mm] 0 / 9 / 10 / 11 225 to 525
α [−] 0 / 12 /13 /14 / 15 0.05 to 0.95

h [mm] 0 / 16 / 17 / 18 13 to 25

Table 2: Parametric cases.
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Figure 3: Stress failure index locations.

ble 1 properties. Prior to the simulations, cohesive properties were calibrated against Double-
cantilever Beam (DCB) and End-notched Flexure (ENF) tests [12, 13].

In order to compare the different parametric cases, maximum stress failure indexes at the 95%
percentile were considered for 4 different locations (see figure 3). The stressσx in the 11
laminate direction is studied at the middle cross section, the tab cross section, the tab/UD core
interface and the middle xz axial plane. In addition, shear stressτ is studied at the tab/UD core
interface and stressσy is evaluated in the middle cross section as an indicator for buckling of
the outer layers.

3. Results and discussions. Scaled coupons parametric FEM design.

Stress gradients in the x-direction are shown in figure 4. Dueto the specific loading the middle
layers show lower stresses than the outer layers. The increase of the stresses in the outer core
layers implies a decrease of the stresses in the middle core layers. The use of cohesive elements
in between the layers reduces the stress gradients through the thickness in comparison with the
non-cohesive simulations, but it does not cancel the effect. In addition, the cohesive elements
damage index shows that in the tab/ core interface, delamination occurs. This agrees with the
location of the highest stress intensity.

The increase of the gauge section length (parameter g) reduces the through-thickness stress
gradient (see figure 5, top-left) due to the fact that the mid cross section and tab cross section
σx decrease with parameter g. In the same way the increase of parameter n related with the tab

Figure 4: Stress profile and damage index in axial direction for cohesive and non-cohesive models.

3



ECCM-16TH EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain,
22-26 June 2014

0 5 10 15 20 25 30 35 40 45
Parameter g [mm]

60

70

80

90

100

110

M
ea

n 
st

re
ss

 in
de

x 
[%

]
1

0

2
3

σx Mid cross section  
σx Tab cross section  
σx Tab-core interface  
σx Mid axial plane  
τ Tab-core interface  
σy Mid cross section Y  

3_Cases_0-3_param_Stress_Main

10 20 30 40 50
Parameter n [mm]

60

70

80

90

100

110

120

130

M
ea

n 
st

re
ss

 in
de

x 
[%

]

4 5 0 6 7
8

σx Mid cross section  
σx Tab cross section  
σx Tab-core interface  
σx Mid axial plane  
τ Tab-core interface  
σy Mid cross section Y  

3_Cases_0-8_param_Stress_Main

0.0 0.2 0.4 0.6 0.8 1.0
Load distribution factor α [-]

70

80

90

100

110

120

M
ea

n 
st

re
ss

 in
de

x 
[%

]

12
0 13 14 15

σx Mid cross section  
σx Tab cross section  
σx Tab-core interface  
σx Mid axial plane  
τ Tab-core interface  
σy Mid cross section Y  

3_Cases_0-15_param_Stress_Main

12 14 16 18 20 22 24 26
Parameter h [mm]

70

80

90

100

110

120

M
ea

n 
st

re
ss

 in
de

x 
[%

]

18 16 0 17

σx Mid cross section  
σx Tab cross section  
σx Tab-core interface  
σx Mid axial plane  
τ Tab-core interface  
σy Mid cross section Y  

3_Cases_0-18_param_Stress_Main

Figure 5: Main indicators of the FEM parametric analysis. Cohesive element models.

taper angle (see Figure 5, top-right), reduces the stress gradients through-the-thickness. In both
cases the increase of the gauge section length and the reduction of the tab taper angle reduce
the possibility of failure in the tab cross section and increase the possibility of failure at the
gauge section. However, in both cases the possibility of buckling of the outer core layers in the
gauge section increases due to the transverse displacements increase. In addition, the effects of
the taper angle might evolve in time due to the growth of the damage or delamination in the
tab/ core interface predicted by the cohesive models.

The load distribution factor between the end load and the shear load implies a small increase of
all indicators from a full end loading case to a full shear loading case (see figure 5, bottom-left).
It has to be taken into account that in reality the load introduction by shear in a clamp is not
evenly distributed as in the model due to the surface tolerances, surfaces roughness and grips
marks. Thus, despite a full shear load case seems to be the most beneficial case according to the
model, it is considered that a certain amount of end loading cancels the possibility of slippage
in the grips and allows to freely setup the grip pressure. Moreover, the parameter h (see figure
5, bottom-right) related with the tab thickness shows that higher tab thicknesses influence the
stress gradient through the thickness and reduce the shear in the tab core interface. Also the tab
thickness increase slightly promotes the probability of failure in the tab cross section as the tab
cross sectionσx index shows.

The optimal geometry chosen for experimental testing was case 0 which according to the models
seems to be an average case between all different possibilities and can be clamped in the actual
machines. Case 0 dimensions were scaled into case 22 and 23 shown in figure 6 with 4 and
20 mm thickness, respectively.
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Figure 6: Thickness scaled compression coupon. Milled and R08 configuration. Dimensions in millimeters.

Figure 7: Test setup of 4, 10 and 20 mm coupons on 0.1, 0.4 and 1 MN servo-hydraulic test frames.

4. Experimental methodology

Several vacuum infused plates were manufactured with a commonly used wind energy epoxy
resin (Hexion RIM135) and glass fibre (GFRP) type E. UD core was layout with unidirectional
(UD) 600gr/m2 non-crimp fabric, and the tab area was layout with biaxial (70%) and 90◦ layers
(30%). The plates were milled in thickness direction in order to create the gauge section and
coupons were cut from the plate with a diamond saw (see figure 6). In addition, R08 type [14]
rectangular 4 mm thick UD coupons with 20 x 20 mm gauge sectionand bonded tabs of 55 mm
in length were prepared in order to compare these with the 4 mmmilled thick coupons. For
all manufactured plates the fibre content and glass transition temperature have been measured.
The averaged fibre weight ratios were 70%, void content was under 0.1% and glass transition
temperature (Tg) was around 80-85◦C.

Coupons with 4, 10 and 20 mm gauge section thickness were tested in static tests, and 4 and
10 mm thick coupons were tested in fatigue tests. The 4 mm coupons were tested in a MTS servo
hydraulic 100 kN test frame, static tests were performed in aCombined Loading Compression
(CLC) fixture according to ASTM D6641 and fatigue tests were performed with the standard
machine grip system. Coupons of 10 and 20 mm thickness were tested on 400 kN and 1 MN
test frames, respectively, equipped with an assembly of clamping steel plates (see figure 7).

The static tests were performed at 1 mm/min test speed. Tests at different bolt torques were
carried out in order to find the optimal grip pressure. Fatigue tests were performed at 2 Hz
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Bolt
torque
[Nm]

e
[mm]

Fmax

[kN]
δmax

[mm]
σmax

[MPa]
E f ront

[GPa]
Esides

[GPa]
ν12

[−]
ν13

[−]

Area
tested∗

[cm2]
Ref

6.3
577.4 41.7 0.301

[14] (5.6%) (1.1%) (31.9%)

6 VJ 3.5
28.1 1.5 630.4

- - - - 2.7
(6.9%) (11.3%) (4.8%)

40 VM 10.1
169.1 4.9 649.6 36.3 46.1 0.283 0.198

12.6
(4.0%) (2.5%) (3.8%) (12%) (18%) (12%) (21%)

70 WH 19.1
691.4 10.1 669.6 41.9 49.0 0.235 0.204

41.7
(3.9%) (2.1%) (1.2%) (14%) (5%) (8%) (14%)

3 VJ 3.5
24.0 1.6 510.5

- - - - 2.7
(3.5%) (10.1%) (3.3%)

<40 VM 10.3
133.9 3.9 554.3 34.0 42.8 0.297 0.243

12.8
(12.2%) (17.7%) (10.2%) (8%) (11%) (15%) (26%)

30 WH 19.5
494.1 8.1 479.9 40.1 44.4 0.235 0.175

41.3
(9.5%) (12.7%) (8.8%) (12%) (6%) (6%) (26%)

*Cross sectional area tested: is the width x thickness x number of coupons

Table 3: Experimental static results for 4, 10 and 20 mm thick coupons. Parenthesis values are the COVs.

(4 mm) and 1 Hz (10 mm) and monitored with thermocouples and infrared (IR) cameras in order
to avoid surface temperatures over 30◦C. The 10 and 20 mm coupons were instrumented with
cross gauges in the four gauge section faces in order to measure the elastic modulus in the
outer surfaces and in the middle axial section. The use of cross gauges enabled measurement of
Poisson coefficientsν12 andν13.

5. Results and discussions. Experimental tests.

It is well known that ultimate stresses in CLC type compression tests are influenced by the
clamping pressure, thus tests for different thicknesses were carried out at two different clamping
pressures. Table 3 shows that ultimate stresses can drop andshow larger coefficients of variation
(COV) when the clamping pressure is not optimal. However, inthe cases with the optimal
bolt torque the COVs were reduced and no thickness effect could be observed for the static
ultimate strengths. Moreover, ultimate stresses show an increase with thickness combined with
a reduction of the COVs. This increase could be related with the total amount of cross sectional
area tested, as the amount of cross sectional area tested increase the statistical population gets
more significant, so the COVs decrease and the ultimate strengths means shows a 6% increase.

The average elastic modulus from the front side surfaces andthe lateral side surfaces are shown
in table 3. Since the lateral side modulus corresponds to strain measurements in the middle
axial section, they show higher values than the front modulus for the same thicknesses due to
the stress gradient between the outer layers and the inner layers (see the FEM models). The
same behaviour can be seen if elastic moduli are compared to the thickness increase. Because
of this, thick laminate coupons do not allow the measurementof the elastic modulus due to the
stress gradient that appear through the thickness. For measurement of the elastic modulus, thin
coupons with ASTM D695 or DIN 65375 fixtures can be used.

On the other hand, because the cross sectional mean stress isnot required in the Poisson ratio
calculations from the cross gauge measurements, thick laminate coupons do allow the mea-

6



ECCM-16TH EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain,
22-26 June 2014

102 103 104 105 106 107 108 109

Cycles to failure

300

350

400

450

500

550

600

650

700

σ m
ax

 [M
Pa

]

Least squares regression, excl.runouts

Bonded tabs 4mm (HK)
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Figure 8: SN-curves (R=10) for 4, 10 and 4 mm R08. Least-square regression.

surement of the Poisson ratios in direction 12 and 13. Table 3shows that the Poisson ratio in
direction 12 is comparable to Poisson ratios in direction 13for the resin-fibre system tested in
this work.

While the scaled geometries did not show a reduction of the ultimate strength due to the thick-
ness, they show a decrease in the fatigue life S-N curves slopes. Figure 8 shows the R=10 S-N
curves for 4 mm R08 coupons with bonded tabs, 4 mm milled coupons and 10 mm milled thick
coupons. Bonded and milled tabbed 4 mm thick coupons show a similar S-N curve in terms
of slopes and intervals of confidences. The 10 mm thick scaledcoupons show a reduction of
the fatigue life slope from 26 to 21 and an increase of the interval of confidence width. On the
other hand, the three curves are located in the same probabilistic interval of confidence thus it
can also be argued that there is not enough statistical significance to confirm this trend. Further
work is on-going in order to test the coupons with 20 mm thicknesses and higher under fatigue
loading conditions.

6. Concluding remarks.

A parametric FEM analysis with cohesive elements was performed in order to design scaled
compression coupons showing that when the thickness increases, a stress gradient appears
through the thickness.

Static tests of scaled compression coupons for 4, 10 and 20 mmwere performed, showing no
thickness effect in the ultimate strength. In addition Poisson ratios in directions 12 and 13
were measured showing comparable values. Stress gradientsthrough-the-thickness predicted
by FEM models were observed in the tests through strains measurements in the middle and
outer xz plane.

While the scaled geometries did not show a reduction of the ultimate strength due to the thick-
ness, they showed a decrease in fatigue life S-N curves slopes with increasing thickness. How-
ever, this decrease did not show to be statistically significant for coupons up to 10 mm thick.
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