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ABSTRACT 

Composite materials are in practice subjected to fatigue loading, which most of the times happens to 

be multiaxial. This multiaxiality can for example appear in tubular specimens under combined 

tension/torsion loading or in cruciform specimens tested bi-axially. Due to the anisotropy that 

characterizes composite materials, multiaxial internal loads also occur even under simple uniaxial 

external loading. Therefore, it is preferable to use external uniaxial fatigue loading of flat coupons in 

order to study the local multiaxial fatigue behaviour of composites. In this study, Carbon Fibre 

Reinforced Epoxy (CFRE) flat specimens of two different lay-ups are tested under fatigue in different 

stress levels and R-ratios. 30o and 75o off-axis flat specimens are tested under uniaxial fatigue and the 

developed internal multiaxial loads are taken into account to investigate their influence on the fatigue 

behaviour of the material. Two different advanced monitoring methods, namely Digital Image 

Correlation (DIC) and Acoustic Emission (AE) are used during testing to clarify the damage processes. 

 

1 INTRODUCTION 

The use of composite materials is widely spread over the last decades. Their high mechanical and 

lightweight properties make them attractive for several applications, including automotive, aerospace 

and civil engineering. Many industrial fields make use of composite materials for highly stressed 

components, e.g. in bridges, wind turbine blades and automotive parts as they provide significant 

functional and economical benefits. 

In general, composite components are subjected to multiaxial fatigue. In spite of its importance, the 

fatigue behaviour of composite materials under multiaxial stress state is difficult to be assessed and has 

not received much attention from the scientific community. Understanding the behaviour of composite 

materials under multiaxial dynamic loads is essential in order to design a high-performance material and 

create physically based models suitable to predict the fatigue life and damage [1-3]. 

Multiaxial loading can be applied in two ways: the first being the “external” multiaxiality, which is 

created by external loads in different directions while the second one is the “internal” multiaxiality, 
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which generates from the anisotropy of the composite material [4]. Normally, when it comes to study 

the fatigue behaviour of composite materials under multiaxial loads, it should not be necessary to 

distinguish between these two types of multiaxiality, as far as the local stresses in the material are the 

same. This is the reason why in order to study the fatigue of composite materials it is necessary to focus 

on local stresses, which means stresses in the material coordinates system, and not global or geometrical 

stresses [5]. The “external” multiaxiality can for example be applied by combined tension/torsion tests 

in cylindrical tubes or by bi-axial loading of cruciform specimens, whereas the “internal” multiaxiality 

is generated even in uniaxially loaded flat specimens [6-9]. As a first approach, flat specimens are 

preferably tested since the necessary equipment to perform uniaxial tests is much simpler and more 

easily available than the more complicated tools needed to perform tests on tubular or cruciform 

specimens. 

Quaresimin et al. [10] suggested to use the bi-axiality ratios to describe the local multiaxial stress 

state acting on a lamina:  

𝜆1=
𝜎2

𝜎1
,  𝜆2=

𝜎6

𝜎1
,   𝜆12=

𝜎6

𝜎2
                                                         (1) 

where σ1 and σ2 are the longitudinal and transverse normal stress components and σ6 is the in-plane 

shear stress in the material coordinates system. During their research they tested flat Glass Fibre 

Reinforced Polymer (GFRP) specimens under tension with a lay-up chosen so that the same λ12 is 

experienced as in tubes of different lay-up under external combined tension/torsion fatigue loading. 

They proved that the fatigue behaviour of the different geometries can be comparable as far as the local 

multiaxial stress state remains the same [10]. 

It has also been proven that the shear component appears to be detrimental for the fatigue behaviour 

of composite materials in terms of the fatigue life spent for the crack initiation, the crack propagation, 

the σ-N curves and the fracture surfaces [11]. For this reason special focus is given to λ2 and λ12 bi-

axiality ratios. Nevertheless, information is missing in the literature related to the fatigue damage 

behaviour of Carbon Fibre Reinforced Polymer (CFRP) material in terms of the local multiaxial stress 

states. Another challenging point in the case of CFRP material is that there is no transparency as in the 

case of the GFRP material so the evolution of the crack density cannot be easily used as a damage 

parameter without potentially usable instruments. Even if the stiffness degradation is a great damage 

indicator, the damage evolution of CFRP through the fatigue life is still not fully understood.  

What one could also conclude based on a literature review is that the majority of the research on the 

multiaxial fatigue of composite materials concerns balanced and symmetric laminates [1], [4]. However, 

recent studies show that unbalanced laminates can make weight and cost benefits possible, thus it is of 

great importance to study the fatigue response of composite materials under multiaxial loading when it 

comes to the case of unbalanced laminates as well [12]. The unbalanced laminates consist of layers 

where the fibres are oriented in different directions but there is not always the negative counterpart –θ 

for every angle θ of the off-axis layers. Thus they are characterized by shear couplings, i.e. in-plane 

shear strains εxy that are developed even when simple normal stresses act on the laminate. In this case, 

the fibres’ orientation influences a lot the mechanical performance of the laminates since different λ 

ratios are present in the local material coordinates system and also the tension-shear coupling of the off-

axis laminates on the geometrical coordinates system has a significant impact on the fatigue behaviour 

of the material [13]. 

Taking all the above into consideration, this research deals with the uniaxial fatigue response of off-

axis symmetric CFRP laminates consisting of layers with the same direction of the fibres in an angle θ 

with relation to the loading direction. As a first step of this research, two different angles are used for 

laminates with a [θ]8 lay-up, where θ is the angle that the fibres form with the loading direction. The 

different angle of the laminates induces different λ ratios during the uniaxial fatigue test and therefore 

the influence of the shear components σ12 on the fatigue behaviour can be analysed. Moreover, the 

different angle induces a different tension-shear coupling during testing. The aim of this research is to 

examine how the different multiaxial stress states and the tension-shear coupling influence the fatigue 

response of the CFRP material under different testing parameters by varying the stress levels and the R-

ratios (R=σmin/σmax).  
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Apart from the examination of the mechanical response of the laminates under different fatigue 

testing parameters, Non Destructive Techniques (NDTs) are used to study the damage behaviour of the 

material [14]. NDTs are commonly applied to clarify the damage mechanisms in studies of composites. 

In the research presented here, the Digital Image Correlation (DIC) and Acoustic Emission (AE) 

technique are used to monitor the damage behaviour of the specimens. DIC is used to obtain the strain 

fields and AE to monitor the acoustic activity of the specimens during testing. The off-axis laminates 

are characterized by a sudden, brittle failure which doesn’t allow us to study the macroscopic damage 

initiation and propagation by monitoring for example the crack density during testing. However, 

microscopic damage is being developed even from the beginning of the fatigue life. This microscopic 

damage evolves but is not able to directly cause the failure of the material. Only at the end of the fatigue 

life a crack resulting from the microscopic damage coalescences can propagate and result in the 

catastrophic failure of the material. Nevertheless, it is important to obtain an idea of the damage 

development in the laminates and correlate it with the lay-up of the laminate and the different testing 

parameters. The AE technique is able to “hear” the damage development of the laminates during testing 

[15]. AE can be used in two different ways. In the first way, the total acoustic activity during testing can 

be correlated with the testing parameters, i.e. the different stress levels and R-ratios, and the fatigue life. 

In the second way, the study of the features of the signals that are generated during the fatigue testing 

can be used in order to distinguish the different damage modes that appear during the fatigue test and 

examine how the different lay-up, the stress levels and the R-ratios induce different damage during 

testing [16], [17]. 

 

2 MATERIAL AND TESTING EQUIPMENT 

2.1 Material 

The material employed in the present study is composite laminates made of prepreg consisting of 

unidirectional (UD) carbon fibres and epoxy resin and manufactured by Mitsubishi Rayon Co., Ltd. The 

material is cured in compression moulding at a temperature of 140o C and a pressure of 8 MPa. Two 

different configurations of off-axis laminates with a lay-up [θ]8 are studied by using two different values 

of θ, namely 30ο and 75o. The average thickness of the composite laminates for both angles is 1.83 mm. 

The cured ply elastic properties of the material are obtained by standard tests on [0o]4, [90o]8 and        

[45o/-45o]2s specimens of the material and are listed in Table 1. 
 

Engineering constant Unit Value 

σ1,U 

σ2,U 

σ6,U 

E1 

[MPa] 

[MPa] 

[MPa] 

[GPa]                                                     

2272.43 

55.00 

52.27 

125.83 

E2 

G12 

[GPa] 

[GPa] 

9.40 

4.06 

12 – 0.335 

21 – 0.029 

 

Table 1: Elastic and strength properties of the composite material. 

 

Off-axis test specimens were cut from 330 mm by 330 mm cured laminates. The shape and the 

dimensions of the specimens are based on the testing standard ASTM D3479 and they are shown in 

Figure 1. The total length of the specimens is l=250 mm, the gauge length lg=150 mm, the width w=25 

mm and the thickness t=1.83 mm. Rectangular-shaped tabs from thick paper were bonded on both ends 

of the specimens, which were sufficient to avoid stress concentrations in the tabbing area and to ensure 

a proper failure in the gauge length of the specimens. 
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Figure 1: Specimen geometry. 

 

As already mentioned, the aim of this research is to examine the influence of the λ ratios on the 

fatigue life and the damage response of the off-axis laminates. Especially the shear stress component 

has proven to be a dominant factor on the mechanical response of the composite laminates during 

fatigue. For this reason, special focus is given on the λ12 and λ2 ratios. The bi-axiality ratios that are 

being developed in the off-axis layers are calculated using Classical Laminate Theory (CLT) and a 

numerical non-linear solver (Figure 2). More specifically, for the [30o]8 laminates, bi-axiality ratios of 

│λ12│=1.73 and │λ2│=0.58 are being generated in the off-axis layers, whereas for the [75o]8 laminates, 

bi-axiality ratios of │λ12│=0.27 and │λ2│=3.73 are being generated. 

 

 
 

Figure 2: Variation of λ12 as a function of θ. 

 
In both cases, the σ1 component is in the same order of magnitude as the σ2 and σ6 components, which 

means it represents less than 4% of the ultimate strength of the laminates σ1,u supporting the conclusion 

that the behaviour is matrix dominated, mainly affected by the transverse and the shear stresses. The last 

point is important because it is more convenient as a first approach to uncouple the results from the 

contribution of the fibres on the mechanical behaviour and only study how the transverse and shear 

stresses, which are dominant, influence the fatigue response. 

What one should also take into consideration in the case of [θ]n off-axis laminates is the tension-shear 

coupling, which means that in-plane shear strains εxy are developed even under uniaxial tensile forces 

Nx. In the case of the [30o]8 laminates the Axy term of the extensional stiffness matrix A from the 

constitutive equation, representing the relation of the normal forces with the in-plane shear strains, is 

equal to Axy=69.07 GPa*mm, while for the [75o]8 the same term is Axy=4.17 GPa*mm. Therefore it is 

of high importance to see how this difference of 94% in the tension-shear coupling influences the fatigue 

behaviour of the laminates. 

The objective is to correlate the multiaxial λ ratios on the material coordinates system and the 

magnitude of the tension-shear coupling on the geometrical coordinates system with the fatigue 

behaviour of the off-axis laminates. After this step, UD lay-ups with different values for the angle θ can 

be tested and finally the full characterization of off-axis laminates under fatigue loads and under different 

testing parameters can be achieved. 
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2.2 Testing equipment 

In order to characterize the fatigue behaviour of the off-axis laminates, static tests were initially 

performed before the fatigue tests with a 1 mm/min displacement rate and with three repetitions for each 

lay-up. All the tests were performed using a servo-hydraulic test machine with mechanical grips and a 

load cell of 10 kN capacity for static tests and 5 kN capacity for fatigue tests. Cyclic loads were applied 

under load control with a frequency of 3 Hz. The cycles were sinusoidal and two different R-ratios 

(R=σmin/σmax), namely 0.1 and 0.5 were applied. Three different percentages of the ultimate strength of 

the off-axis laminates, 70%, 80% and 90%, were used as the maximum stress level σmax for the fatigue 

tests. The two different R-ratios and the three stress levels lead to six different categories of fatigue tests 

for each lay-up and at least three specimens were tested for each category, which results in a total amount 

of 36 tests under different fatigue parameters. The “run-out” for the fatigue tests was set to 106 cycles. 

The strains during testing were measured using a 50 mm extensometer. At the same time, a Digital 

Image Correlation system VIC-3D by Correlated Solutions with two camera lenses was used in order to 

obtain the full-field strain maps during testing through triangulation of the two cameras. A random 

black-white speckle pattern was applied on the specimens using aerosol paint and by capturing regular 

images of the surface of the specimens, the in-plane strains of the specimens were calculated. For the 

static tests, images were captured every 1 second during testing and for the fatigue tests the Fulcrum 

add-on was used. In this way, images were captured at the peaks of a cycle, i.e. at the maximum and the 

minimum stress of a cycle. For the “short” tests where the fatigue life was less than 5000 cycles, images 

were captured every 10 cycles during the fatigue life, while for the longer tests images were captured 

every 10 cycles in the beginning of the fatigue life and progressively every 100 and every 1000 cycles 

until the end of the test. 

In order to monitor the acoustic activity during the tests, an eight-channel DiSP system by Physical 

Acoustics was used. Two piezoelectric transducers (Pico) with a broadband response and maximum 

sensitivity at 450 kHz were mounted on the specimen using Vaseline grease. The received signals were 

amplified using preamplifiers with a uniform gain of 40 dB and a 35 dB threshold was applied in order 

to filter out the noise of the mechanical system. Before testing, lead break tests were carried out in order 

to check the sensibility of the transducers and to calculate the surface wave speed, which is 4000 m/sec 

for the [30o]8 laminates and 2500 m/sec for the [75o]8 laminates.  

The set-up of the mechanical system and the equipment for the NDTs is shown in Figures 3 and 4. 

In Figure 4 the transducers, the extensometer and the speckle pattern that was painted on the specimens 

for the DIC technique are shown. 

 

 
 

Figure 3: Test set-up. 

 

 
 

Figure 4: Sensors, extensometer and speckle 

pattern attached on the specimen. 

 



Kalliopi-Artemi Kalteremidou, Sander Fonteyn, Delphine Carrella-Payan, Lincy Pyl and Danny Van Hemelrijck 

 

6 

 

3 RESULTS AND DISCUSSION 

3.1 Static tests 

Before the analysis of the fatigue tests, the interpretation of the static tests for the two off-axis [30o]8 

and [75o]8 UD lay-ups is important. Since the maximum load during the fatigue cycles is a specific 

percentage of the ultimate static strength averaged value, it is necessary to obtain the stress-strain graphs 

for the laminates in order to examine how the material behaves during the static loading and to calibrate 

the AE system. In Figure 5, the stress-strain graphs for the two different laminates are presented. Of 

course, as expected from mechanics of composites, the [30o]8 laminates result in higher ultimate strength 

and higher strain to failure in comparison with the [75o]8 laminates. In Table 2 the average mechanical 

properties of the laminates are presented. For the calculation of the E-modulus Ex, the part of the curves 

that corresponds to strains from 0.1% to 0.3% was used based on the testing standard ASTM D3039. 

 

 
Figure 5: Stress-Strain curves of the off-axis laminates. 

Engineering constant Unit [30o]8 [75o]8 

σx,u 

Ex 

εx,u 

[MPa] 

[GPa]                                                     

[%]                                                

104.47 

16.65 

0.78 

40.52 

8.56 

0.44 
 

Table 2: Mechanical properties of the off-axis laminates. 

 
Both lay-ups are characterized by a brittle behaviour, however the stress-strain curve of the [75o]8 

laminates is totally linear, while the [30o]8 laminates show a small non-linearity during the static loading, 

which starts at a stress value around 62% of the ultimate strength. This is resembled also in the total 

acoustic activity during the static test recorded by the AE software. In Figures 6 and 7 the acoustic 

activity in relation with the stress for the [30o]8 and [75o]8 lay-ups respectively is presented. While for 

the [75o]8 lay-up the acoustic activity increases progressively with a big increase near the end of the test, 

the [30o]8 laminates show a different behaviour where the acoustic activity slowly increases during the 

linear part of the stress-strain curve and a big increase is appearing exactly at 62% of the ultimate 

strength, where the non-linearity appears. This behaviour is appearing for each one of the three 

repetitions of the static tests performed. 

For both lay-ups, two different kinds of signals are obtained by the AE software. One part of the 

acoustic signals can be attributed to small matrix cracks occurring during testing. However, the energy 

appearing is not sufficient in order for the cracks to propagate and to provoke the total failure of the 

specimen. The other part of the signals is related to the fibre/matrix decohesions that are mostly caused 

by the shear strains that increase during the static test. In the case of the [75o]8, mostly the first type of 

acoustic hits is present during testing and only a small number of hits is recorded for a very big part of 

0

20

40

60

80

100

120

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

St
re

ss
 (

M
P

a)

Strain (-)

30 degrees

75 degrees



21st International Conference on Composite Materials 

Xi’an, 20-25th August 2017 

the test. Close to the failure of the material, the acoustic activity increases with mostly small matrix 

cracks and a few decohesions occurring until the final failure of the specimen. For the [30o]8 laminates, 

mostly the first type of signals related to matrix cracks is appearing with a low rate until the stress 

reaches a stress equal to 62% of the ultimate strength and the non-linear behaviour starts. At that point, 

the rate increases suddenly and apart from the first type of hits, a lot of signals related with the second 

damage mode of decohesions appear until the failure of the material. As the shear strains increase, more 

and more shear decohesions occur resulting in the increase of the total acoustic activity and the 

appearance of the second type of hits. 

 

 
Figure 6: Acoustic activity for [30o]8 laminates. 

 
Figure 7: Acoustic activity for [75o]8 laminates. 

 

3.2 Fatigue tests 

The mechanical response and the acoustic activity during the fatigue tests of the different laminates 

strongly depends on the maximum stress and R-ratio applied and on the angle of the fibres since different 

stresses and thus damage modes are developed for the different lay-ups. Regarding the fatigue response 

of the laminates, Figures 8 and 9 show the σ-N curves of the two laminates for the two different R-ratios 

that were used, namely 0.1 and 0.5, obtained by logarithmic fitting. For the [30o]8 laminates, there is no 

overlap between the two curves corresponding to the different R-ratios. One can notice that the fatigue 

life is longer for R=0.5 for all stress levels with even a “run-out” when the maximum applied stress is 

70% of the ultimate strength. For R=0.1 the fatigue life is shorter and especially for 70% of the ultimate 

strength the fatigue life is 99% shorter in comparison with R=0.5, with the fatigue life being in a 

magnitude of 10000 cycles for R=0.1. 

A different behaviour is noticed for the [75o]8 laminates. In this case, the influence of the R-ratio on 

the fatigue life depends on the maximum stress applied during the test. For 70% of the ultimate strength, 

the response is the same with the [30o]8 laminates with the R-ratio of 0.5 resulting again in “run-out” 

and the ratio of 0.1 leading to a 90% shorter fatigue life. However, this time the difference between the 

two ratios is smaller than in the [30o]8 laminates, since for R=0.1 the fatigue life reaches about 100000 

cycles. For σmax equal to 80%, the smaller R-ratio results in a 85% shorter fatigue life than the higher R-

ratio, but also in this case the difference is smaller than in the case of the [30o]8 laminates. The difference 

between the two lay-ups is even more obvious in the higher maximum applied stress of 90%, where a 

ratio of 0.5 leads to a 93% shorter fatigue life than a ratio of 0.1.  

It is obvious that the laminates exhibit a different fatigue behaviour, which should be attributed to 

the orientation of the fibres and the different stress states that are developed and that lead to different 

damage modes. Considering the fatigue life of the material for the two lay-ups, we can see that in any 

combination of stress level and R-ratio, the [75o]8 laminate always exhibits longer fatigue life than the 

[30o]8. During loading, the [75o]8 laminate has a λ12 ratio equal to 0.27, while the [30o]8 one has a value 

of 1.73. This means that the bigger shear stresses that are present in the second laminate influence a lot 

the fatigue response and reduce the fatigue life of the material. The [75o]8 exhibits a better fatigue 

response even if the ultimate static strength is lower than the [30o]8, since the failure is dominated by 
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the transverse stresses. In the [30o]8 laminates the failure is dominated by the shear stresses and we can 

conclude that the shear stresses are indeed a detrimental factor in the fatigue behaviour of the composite 

material. 

 
Figure 8: σ-Ν curves for [30o]8 laminates. 

 

 
Figure 9: σ-Ν curves for [75o]8 laminates. 

          
Examining now how the testing parameters influence the fatigue life, it can be noted that the [75o]8 

laminates seem to be more sensitive to the combination of the applied maximum stress and the R-ratio, 

while the [30o]8 laminates are more sensitive on the value of the R-ratio when a specific stress level is 

considered, since the difference in the fatigue life between the two different values of the R-ratio is 

higher. The sensitivity of the latter lay-up on the influence of the R-ratio on the fatigue life can also be 

related to the λ ratios developed in the laminate.  

The smaller R-ratio means that fatigue cycles with a higher amplitude are applied on the material. In 

the case of the angle of 30o, this results in the fact that during fatigue the stresses are continuously 

varying in a big range moving from the linear part of the stress-strain curve to the non-linear one. In the 

transition between these parts, the changes in the shear stresses σ6 and in the εxy strains occurring from 

the extension-shear coupling of the laminates are big. This can be seen in Figures 10 and 11 where the 

shear strains that occur between two consecutive cycles for a 90%-0.1 fatigue test obtained from the 

DIC software are shown. The big difference in the shear strains shows that apart from the development 

of micro-cracks in the matrix, big shear decohesions between the fibres and the matrix appear because 

the material is getting more “exhausted” from the big variations in the shear strains. In the high R-ratio 

case, the amplitude is lower and thus the shear stresses and strains that are developed from the minimum 

to the maximum applied stress are similar and this results in longer fatigue lives. 
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For the case of the [75o]8 laminates we notice in Figure 9 that the combination of the maximum 

applied stress with the R-ratio is the biggest factor that influences the fatigue life. For a specific stress 

level, the two R-ratios lead to a smaller difference in the fatigue life than in the case of [30o]8 laminates, 

with the fatigue life being 10 times shorter for R=0.1 compared to R=0.5 for 70% of the ultimate 

strength, but being around 13 times shorter for R=0.5 compared to R=0.1 for a maximum applied stress 

equal to 90% of the ultimate strength. The reason behind this can be the fact that the behaviour of the 

[75o]8 laminates is linear and driven by the transverse stresses and thus the main damage mode is matrix 

micro-cracks. In a maximum stress level equal to 70% of the ultimate strength, the matrix cracks 

occurring in the beginning of the fatigue life are not able to propagate and to cause the catastrophic 

failure of the material. In this case, a higher R-ratio with a smaller amplitude during loading leads to 

long fatigue life since the stress range is small and the opening and closure of the present matrix cracks 

is not so quick as in the case of the smaller stress ratio. We notice that this tendency is reduced as the 

maximum stress increases. For a stress equal to 80% of the ultimate strength, the difference in the fatigue 

life between the two R-ratios is reduced and for 90% the tendency is even inversed, with a higher fatigue 

life for R=0.1. 

In order to better understand and explain the fatigue response of the off-axis laminates in correlation 

with the testing parameters, in Figures 12 and 13 the total acoustic activity during testing for the [30o]8 

laminates and the [75o]8 laminates respectively is plotted versus the percentage of the fatigue life. Due 

to space limitations, only the results for R=0.1 are shown since for this stress ratio smaller fatigue lives 

are achieved and thus bigger damage during the fatigue test appears. From a first view we can see that 

the [30o]8 laminates show a much higher acoustic activity during the fatigue test in comparison with the 

[75o]8 laminates for the three different maximum stress levels. This means that the influence of the shear 

strains and the λ ratios on the fatigue response is resembled also on the difference in the acoustic activity 

during the test apart from the σ-N curves.  

 
 

Figure 10: Shear strains at the maximum peak of 

a cycle for a 90%-0.1 test of a [30o]8 laminate. 

 
 

Figure 11: Shear strains at the minimum peak of 

a cycle for a 90%-0.1 test of a [30o]8 laminate. 
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The higher acoustic activity for the [30o]8 laminates during the test can be attributed to the two 

different damage modes that appear during the test. While in the [75o]8 laminates the main damage mode 

is matrix micro-cracks that are not able to cause the total failure of the specimen, in the [30o]8 laminates 

shear decohesions are the dominant damage mode creating a lot of acoustic activity during the test. This 

is also obvious when we compare the total cumulative hits for the different maximum stress levels for 

the [30o]8 laminates. Starting from a maximum applied stress equal to 70% of the ultimate strength and 

reaching a value of 90%, it is obvious that the acoustic response increases rapidly. The difference in the 

cumulative hits between the 3 stress levels is high and especially the difference between the 80% and 

the 90% maximum applied stress shows how a small increase in the applied load and in the developed 

shear stresses and strains results in a big activation of the damage mode of shear decohesions. For the 

case of the [75o]8 laminates, an increase in the acoustic activity is also obvious when the maximum 

applied stress increases but the difference is not so high as in the first lay-up. The increase in the 

cumulative hits can be attributed to the increase of matrix cracks occurring during loading. 

 

 
Figure 12: Acoustic activity of [30o]8 laminates 

for R=0.1 and 3 different maximum stresses. 

 
Figure 13: Acoustic activity of [75o]8 laminates 

for R=0.1 and 3 different maximum stresses. 

 

In order to correlate the acoustic activity during the fatigue tests with the mechanical response of the 

material, the stiffness degradation of the specimens for the three maximum applied stresses and for 

R=0.1 is plotted in Figure 14 for the [30o]8 laminates and in Figure 15 for the [75o]8 laminates. We can 

notice that generally the stiffness degradation is very small for all the cases as is expected for brittle 

materials. However, it is obvious the difference in the stiffness degradation for the different maximum 

applied stresses. For both lay-ups, higher maximum stress results in bigger stiffness degradation. A 

maximum applied stress of 90% of the ultimate static strength leads to a drop of around 9% for the [30o]8 

laminates while it results in a less than 4% stiffness degradation for the [75o]8 laminates. This is in 

relation with the high acoustic activity that is developed for the higher stresses, since the higher applied 

loads lead to more damage in a shorter period. Especially for the [30o]8 laminates, where two different 

damage modes are present, the difference in the stiffness degradation is even bigger with a difference 

of around 7% between the 70% and the 90% maximum applied stress since a small increase in the 

magnitude of the shear strains leads to big differences in the acoustic activity and the stiffness 

degradation. 

 

0

1000

2000

3000

4000

5000

6000

7000

8000

0 0.5 1

C
u

m
u

la
ti

ve
 h

it
s

Fatigue life

90%

80%

70%

0

200

400

600

800

1000

1200

1400

0 0.5 1

C
u

m
u

la
ti

ve
 h

it
s

Fatigue life

90%

80%

70%



21st International Conference on Composite Materials 

Xi’an, 20-25th August 2017 

 
Figure 14: Stiffness degradation of [30o]8 

laminates for R=0.1 and 3 different maximum 

stresses. 

 
Figure 15: Stiffness degradation of [75o]8 

laminates for R=0.1 and 3 different maximum 

stresses. 

 

4 CONCLUSIONS 

During the first step of this research, off-axis CFRP laminates with a lay-up [θ]8 for two different 

values of θ were tested under fatigue under different stress levels and stress ratios. It is proven that the 

different stresses and strains occurring for the different laminates and represented by the bi-axiality λ 

ratios lead to different damage modes which influence in a different way the fatigue response of the 

material. An increase in the λ12 ratio from 0.27 for the [75o]8 laminates to 1.73 for the [30o]8 laminates 

results in shorter fatigue life, higher acoustic activity and bigger stiffness degradation during fatigue.  In 

the case where the transverse stresses are dominant as in the case of the [75o]8 laminates and thus the 

matrix micro-cracks is the main damage mode, the fatigue behaviour is better in terms of the length of 

the fatigue life and the stiffness degradation and the acoustic activity is limited during the test, with a 

maximum loss of less than 4% of the stiffness during the fatigue. The combination of the R-ratio and 

the maximum stress seems to influence the fatigue life of the [75o]8 laminates. When the λ12 ratio and 

the tension-shear coupling increase as in the case of the [30o]8 laminates, the shear stresses and strains 

prove to be detrimental for the fatigue response. In this case, apart from the matrix cracks, shear develops 

in the interface of the matrix with the fibres. Even a small increase in the maximum applied stress and 

thus in the shear strains results in a decrease in the fatigue life and in higher stiffness degradation. This 

is also resembled in the acoustic activity during the test, where a lot of acoustic hits are recorded 

attributed to the matrix cracks but mostly to the shear decohesions. 
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