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Abstract: The aim of this work is to find termination criteria for fatigue tests of continuous fiber 

reinforced polymers, which reliably predict end of life. For this purpose, Young’s modulus, 
dissipated energy and acoustic emission events are monitored during fatigue testing of a ±60° 

and a ±75° glass-fiber reinforced epoxy laminate. Results show that the expected growth rate of 

damage events occurring at the end of lifetime is not necessarily reflected in a significant 

decrease of stiffness. However, material degradation at this stage is indicated by the dissipation 

of energy and a higher rate of detected acoustic emission events.  
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1. Introduction 

Due to their outstanding weight-specific properties, in particular strength and stiffness, fiber 

reinforced polymers (FRPs) are widely used in high-performance structures for the aerospace, 

automotive or wind energy sector. Especially in those areas of application, unexpected property 

degradation or component failure can lead to catastrophic consequences. Hence, to ensure safe 

material use, characterization of fatigue behavior of FRPs is essential [1, 2].  

The most common way to describe fatigue behavior of materials are S/N-curves, also referred 

to as Wöhler lines. They represent the maximum bearable number of cycles at certain stress or 

strain amplitude levels until a predefined termination criterion is reached [3–5]. Since S/N-

curves assess fatigue life by a single event, commonly specimen fracture, they do not yield any 

information about the occurring damage mechanisms and the resulting property degradation. 

The theory of fracture mechanics takes the mechanisms of crack initiation and propagation into 

account. It is well established for life-time estimations of metallic components, where usually 

one single crack dominates fatigue behavior. This is not the case for composites, since this 

material class usually fails due to the accumulation of damage from several mechanisms and not 

because of a single crack [6]. 

Another approach describing composite fatigue is based on the change of stiffness due to 

progressing material damage. As already mentioned, there is a series of complex damage 

mechanisms occurring in FRPs during fatigue. In the first 10 to 15 % of fatigue life, the 
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dominating mechanism is matrix cracking in off-axis plies resulting in a significant stiffness 

reduction. Coalescence of matrix cracks at the interface of two adjacent plies can lead to 

delaminations as a further consequence. The terminating damage event usually is large-scale 

fiber failure of the fibers aligned closest to the principal loading direction. All those mechanisms 

contribute to the stiffness degradation to different extent depending on layup and loading 

situation. For most composite structures a certain decrease in stiffness is inadmissible for the 

application and therefore defines fatigue life [3, 1]. 

Damage progression also manifests in dissipation of energy, which is reflected by the increasing 

area inside the hysteresis loop under cyclic loading. Due to internal friction between unbounded 

regions in the matrix or between fiber and matrix heat is generated. Thus, one portion of the 

input mechanical energy is released in the form of heat [3]. Another part of the energy may be 

released in the form of elastic stress waves if microstructural changes occur in the material. Such 

phenomena are referred to as acoustic emissions and can be detected by piezo-electric sensors 

[7, 8]. 

In this work Young’s modulus, dissipated energy and acoustic emission (AE) activity are 

monitored during fatigue tests of glass-fiber reinforced polymers with two different layups: ±60° 

and ±75°. An attempt is made to assess the measured parameters in terms of their suitability to 

monitor structural health and in further consequence to define criteria terminating fatigue life 

of continuous FRPs. 

 

2. Experimental 

2.1 Material and specimen preparation 

Specimens are manufactured from an unidirectional glass fiber fabric and an epoxy resin as 

matrix material with a fiber volume content of approximately 40 %. The fabric is of type 92145 

by Porcher Industries Germany GmbH (Erbach, Germany) with an areal weight of 220 g/m2 and 

10 % weft yarn referring to the total fabric mass. The matrix contains a resin of type EPIKOTETM 

MGS® LR160 and a curing agent of type EPIKURETM MGS® LR160 both by Lange + Ritter GmbH 

(Gerlingen, Germany). The mixing ratio of resin to curing agent is 4:1 (weight proportion). Matrix 

and fabric are cured at a temperature of 80 °C and a pressure of 1 MPa for 3 hours. Subsequently 

all specimens are post-cured at 80 °C for 15 hours. Each specimen consists of 12 layers, which 

are symmetrically arranged. The layup is (-θ3, +θ3)s with θ being 60° and 75°. The specimen 

geometry is 200x20x2.6 mm3 with shafted aluminum tabs of 1 mm thickness and a gauge length 

of 100 mm, as shown in Figure 1. Additionally, a speckle pattern is applied to the specimens, 

which is necessary for the evaluation of Young’s modulus with digital image correlation (DIC), as 

will be described in the following sections. 
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Figure 1: Specimen with WD sensors and speckle pattern for DIC (dimensions in mm). 

2.2 Testing equipment 

The fatigue tests were performed on a servo-hydraulic testing machine of the model 322.31 by 

MTS Systems Corporations (Minnesota, USA) equipped with a 250 kN load cell. For DIC the 

software MercuryRT 2.8 by Sobriety Mercury d.o.o. (Blaneská, Czech Republic) in combination 

with a high-resolution camera of type Prosilica GT6600 by Allied Vision (Stadtroda, Germany) is 

used. The AE system is by MISTRAS Group Inc. (Princeton Junction, USA). Two broad band (WD) 

sensors are mounted to the specimen with fabric tape at a distance of 75 mm (see Figure 1). 

Silicone free vacuum grease is used as coupling medium between specimen surface and sensors. 

Each sensor is connected to a 2/4/6 preamplifier with a gain of 40 dB and a 20 - 1000 kHz 

bandpass filter. For AE data acquisition and evaluation, the software AEwinTM by MISTRAS Group 

Inc. is used. 

2.3 Testing procedure and parameters 

The testing procedure is adapted from the one proposed by Brunbauer et al. [9]. Thereby, the 

fatigue tests are interrupted at certain intervals and quasi-static tensile tests are performed in 

between to be able to determine the change of static Young’ modulus during the experiment. 

For this purpose, every 100 N during the tensile test a picture of the speckle pattern on the 

specimen is recorded and subsequently evaluated with DIC. Tensile tests are conducted with a 

testing speed of 0.5 mm/min and are stopped before reaching the maximum stress level σmax of 

the cyclic loading blocks. The cyclic loading blocks are implemented with a testing frequency f 

of 5 Hz and an R-ratio of 0.1. Tests were performed at various σmax levels for each layup. In this 

contribution two representative experiments are discussed: For the ±60° laminate an 

experiment with a σmax of 38.6 MPa and for the ±75° laminate an experiment with a σmax of 31.6 

MPa is presented. Dissipated energy is calculated directly from the machine data and 

corresponds to the area inside the hysteresis loop. The testing procedure is schematically shown 

in Figure 2. While the fatigue blocks are conducted in load controlled mode, the tensile tests are 

performed in displacement control. 
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Figure 2: Schematic testing procedure for fatigue tests (load control, R-ratio 0.1) with quasi-

static tensile tests between fatigue load blocks, the circles indicate stress levels for DIC 

measurements for the determination of Young's modulus. 

For AE data acquisition a sampling rate of 5 MHz is used. The threshold is set to 40 dBAE and 

the following AE timing parameters are chosen: 

• Peak definition time (PDT): 50 μs 

• Hit definition time (HDT): 100 μs 

• Hit lockout time (HLT): 300 μs 

If a detected AE signal, also called “hit”, is recorded at least at two sensors within a certain time 

interval (depending on the wave speed in the specimen and the distance of the respective 

sensors) it is referred to as an AE event [7]. For the interpretation of the AE data only events 

occurring in between the two sensors are considered, in order to eliminate “hits” originating 

from outside the region of interest to a great extent. 

 

3. Results and discussion 

In the following two sections, the results of the fatigue tests of the ±60° and ±75° layups are 

presented. Young’s modulus and dissipated energy are shown relative to their initial values. The 

fatigue life in % refers to the point of specimen rupture (final material failure). Subsequently the 

measured parameters are discussed with regard to their qualification to monitor structural 

health and how this can be used to define termination criteria. 

3.1 Fatigue test results of ±60° laminate 

Figure 3 shows relative Young’s modulus, relative dissipated energy and cumulative AE events 

during fatigue life of a ±60° laminate. Final material failure for this representative specimen 

occurred at 204'761 cycles. In the beginning, a rapid decrease of Young’s modulus can be 
observed. It declines to 55 % of the initial value already within the first 15 % of fatigue life. During 

the remaining 85 %, Young’s modulus decreases with a much smaller rate to 45 % at the end of 

life. Only a slightly higher decrease rate of Young’s modulus can be observed close to final 
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material failure. Contrary to Young’s modulus, dissipated energy shows a recognizable increase 

within the first 15 % of fatigue life. Both of these observations probably can be attributed to 

matrix cracking, which is the dominating damage mechanism at this early stage of fatigue life 

[1]. This fast increase is followed by a section, in which dissipated energy increases more slowly. 

Shortly before failure, at approximately 85 % of fatigue life, dissipated energy strongly increases 

again, indicating increased inner friction due to a growing accumulation of damage. At this stage 

typical damage mechanisms occurring are delamination or fiber breaking [1]. Considering the 

cumulative AE events, there are two sections, showing a higher slope. One is located between 

50 and 60 % of fatigue life. However, no noticeable changes of Young’s modulus or dissipated 
energy can be observed in this period. Additional non-destructive methods, e.g. computed 

tomography or thermography, to monitor the condition of the specimen are necessary to assess 

the cause for this increase. The second section showing a higher increase rate starts shortly 

before specimen rupture at around 90 % of fatigue life. Similar to the progression of dissipated 

energy at this stage, the increase in AE events can be attributed to a higher rate of damage 

occurring just before specimen rupture. 

 

Figure 3: Relative Young’s modulus, relative dissipated energy and cumulative AE events during 

fatigue life of a ±60° glass-fiber reinforced epoxy resin (σmax = 38.6 MPa, R = 0.1, f = 5 Hz). 

3.2 Fatigue test results of ±75° laminate 

The monitored parameters during the fatigue test of the representative ±75° laminate are 

presented in Figure 4. After 353'959 cycles the specimen failed. Just as with the ±60° laminate, 

Young’s modulus declines rapidly at the beginning, in this case to 58 % of the intact specimen 

within the first 15 % of fatigue life. This is again followed by a section with a smaller decrease 

rate. As for the ±60° laminate, a slightly higher decrease rate can be noticed close to final failure. 

Young’s modulus at the end of fatigue life amounts to 46 % of the initial value. Dissipated energy 

also shows the same trend as already monitored for the first laminate. After a high increase rate 

at the beginning, there is a section with a slower steady increase. At around 80 % of fatigue life 

a slightly higher increase can be observed. Approximately at the same time AE events are 

detected with a higher rate, reflecting the increasing amount of damage leading to specimen 
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rupture shortly thereafter. A sudden increase in AE events can be observed at around 10 % of 

fatigue life. As already mentioned in section 3.1 additional non-destructive methods are 

necessary to determine the origin.  

 

Figure 4: Relative Young’s modulus, relative dissipated energy and cumulative AE events during 

fatigue life of a ±75° glass-fiber reinforced epoxy resin (σmax = 31.6 MPa, R = 0.1, f = 5 Hz). 

3.3 Termination criteria 

For both laminates tested, Young’s modulus severely declines within the first 15 % of fatigue 

life. This observation can be attributed to the mechanism of matrix cracking, which typically 

occurs at this stage of fatigue life in laminates with off-axis plies [1]. Young’s modulus 
subsequently slowly decreases until final failure. Shortly before specimen rupture, it decreases 

with a slightly higher rate. However, since this change is so small, it is difficult to predict 

specimen failure considering the progression of Young’s modulus exclusively. Nevertheless, 

some applications require a certain stiffness in order to ensure proper performance. Therefore, 

fatigue life can always be determined by a certain limit of the decrease of Young’s modulus. 

Dissipated energy is much more sensitive towards the specimen’s end of life. The higher increase 

rate in the section before final failure represents a potential termination criterion, which can be 

applied to both tested laminates. For the ±60° laminate it is around 85 % and for the ±75° 

laminate at around 80 % of fatigue life, leaving enough time to exchange damaged components 

before fracture. 

The method of AE proves its applicability for monitoring the structural health of laminates. For 

both laminates tested, an increasing number of AE events is detected before final material 

failure. Nevertheless, fatigue life cannot be predicted by this observation since there are other 

regions showing a higher detection rate at an earlier stage of fatigue life as well. 
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4. Conclusion 

The purpose of this work was to find termination criteria for fatigue tests of continuous FRPs, 

reliably predicting end of life at an early stage. Young’s modulus, dissipated energy and 
cumulative AE events were monitored during fatigue tests of glass-fiber reinforced epoxy 

laminates with two different layups of (-θ3, +θ3)s with θ being 60° and 75°. In order to determine 

classic Young’s modulus, the fatigue tests were interrupted in regular intervals and quasi-static 

tensile tests were conducted between the cyclic loading blocks. 

Results show that Young’s modulus exhibits the highest decrease within the first 15 % of fatigue 

life. It amounts to approximately 80 % of total stiffness loss. The remaining 20 % stiffness loss 

occur steadily during the rest of life. Besides a minimally higher decrease rate, there is no 

significant warning for the occurrence of failure. Dissipated energy on the contrary is more 

sensitive towards the end of life. It shows a higher increase rate between 80 and 85 % of fatigue 

life, which may be used as termination criterion. Needless to say, fatigue life for certain 

applications can already be terminated at an earlier stage by a function-critical stiffness loss. The 

higher rate of damage occurring near the end of the experiment is reflected in the curve of 

cumulative AE events as well, which exhibits a higher detection rate at this period. Other regions 

during fatigue life showing a higher detection rate as well need to be investigated in more detail 

in order to assess their origin. 

An approach for prospective interpretations of AE data would be the evaluation of other 

features of the signals, e.g. the absolute energy. This parameter has potential for being a 

sensitive indicator for changes occurring in the material due to damage accumulation, since 

recorded signals are not only counted, but also weighted by their intensity. 
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