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ABSTRACT 

 

The aim of this study is to understand the thermal phenomenon of unidirectional Glass 

Fibre Reinforced Polymer (GFRP) composite under static and fatigue (tensile) loads. This 

study used a rectangular shaped GFRP composite and consisted of specimens with and 

without a circular notch. Under static test, the constant displacement rate was applied. 

Under fatigue test, frequency and amplitude of stress were explored to  study the fatigue 

properties and damage evolution of the specimen. Thermography was used in real-time 

observation to obtain the temperature profile on the external surface of the specimens. 

This experimental method showed that the thermal phenomenon gave a good detection of 

the damage appearance of GFRP material under static loading. Moreover, thermal 

phenomenon gave a good correlation with the energy dissipation under fatigue loading. 

Thermal phenomenon successfully determined the high cycle fatigue strength of GFRP 

composite. This study concluded that thermal phenomenon observed by Infra-Red (IR) 

camera has successfully demonstrated the damage propagation and the strength behaviour 

of GFRP composite due to tensile loading in both static and fatigue conditions. The IR 

camera can then be used to determine the damage evolution and the strength prediction 

based on the thermal phenomenon on the external surface of the GFRP composite. 

 

Keywords: Thermography; GFRP; tensile; static loading; fatigue loading. 

 

INTRODUCTION 

 

Early study about fatigue failure development of fibre reinforced plastic composite was 

conducted by analysing the stiffness reduction and failure propagation which was divided 

into three stages [1, 2]. Other perspective of fatigue damage behaviour between composite 

and metals was explained by Bathias [3]. In composite, fatigue damage is not related to 

plasticity, which has a very different behaviour compared to metals where its fatigue 

damage is strongly related to cyclic plasticity. At the mesoscopic level, the fatigue 

damage is multidirectional and the damage zone, much larger than the plastic zone, is 
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related to the complex morphology of the fracture. Due to the complex behaviour of 

composite, several studies have been undertaken to gain more understanding of fatigue 

failure behaviour in GFRP experimentally. Glass fibres are mostly used as reinforcement 

for polymeric matrix composites. Their main advantages are low cost, high tensile 

strength, high chemical resistance, and insulating properties [4]. who studied about the 

fatigue behaviour of continuous glass fibre reinforced plastics to evaluate the 

micromechanisms that occurred during fatigue and how damage accumulated throughout 

the sample lifetime found that damage accumulation during fatigue had a stiffness 

reduction patern characterised by matrix cracking, delamination and fibre failure where 

matrix cracking was identified as the major factor causing reduction in the stiffness of 

laminates  [4-12]. These cracks were seen to have penetrated the fibre bundles before 

failure, and propagated by debonding of the fibre/matrix interfaces. The observation using 

SEM showed that both the fibres and the resins failed in a brittle manner. The fatigue life 

performance, stiffness degradation and micro mechanisms have been investigated for 

glass fibre reinforced polypropylene. From microscopic observations, it could be 

concluded that the better fatigue resistance of glass fibre reinforced plastic can be 

attributed to the greater interfacial strength and the resistance to debond propagation [13]. 

The effects of lay-up design and the rise of the temperature of the composite specimens 

on fatigue perfomance were investigated [14-17]. The results showed that the fatigue 

strength qas strongly influenced by the layer design and the temperature rise on the 

surface of the specimens when reaching a maximum value at failure or the damage 

parameter E presented a nearly linear relationship with the rise of temperature. Under 

static and fatigue loading, the material properties of fibre orientation can give significant 

effects on the strength of fibre glass reinforced composites [18-22]. Other factors of 

loading rate, mean stress, load frequency, crack density, thickness and fibre volume can 

also affect the behaviour of fibre composites under fatigue loading [23-25].   

In order to avoid large safety factors from being applied, damage propagation 

during the component lifetime must be monitored. So, it is possible to replace components 

before the final failure. Undergoing different failure types such as matrix cracking, fibre–

matrix debonding, delamination, fibre breakage should be quite evenly distributed within 

the entire material volume [26]. Consequently, monitoring and diagnosis of the early 

detection of these different forms of damage growth require the application of a 

contactless method in real-time operation, i.e a non-destructive method. Thermography 

is an experimental technique of Non-Destructive Test (NDT) that allows for the 

monitoring of surface while the equipment is online and running under full load. This 

contactless method is an excellent condition monitoring tool to assist in the reduction of 

maintenance costs on mechanical equipment and provide an accurate damage assessment 

in several industries such as the military and aerospace [27-30]. The benefit of infrared 

thermography in composite field is the viscosity of the matrix which is heated more than 

the metal. It helps find the first microscopic damage early and identify more individual 

degradation mechanisms, transverse cracks, interface cracks, fibre cracks, etc [22, 31, 32]. 

Fibrous composites are considered as very successful targets for the application of 

thermography due to their thermal and emissive properties [33]. The application of NDT 

thermography in damage analysis of fibre composite was conducted by previous authors. 

The development of a thermography approach based on thermal maps over a surface of a 

specimen to determine the fatigue limit is known as the Risitano method [34]. The authors 

proposed that the fatigue limit could be determined by plotting the stabilisation 

temperature (in a few thousand cycles) against the applied stress and finding the value of 

the fatigue limit as the intercept of the curve on the stress axis. In the case of composite 
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material, friction between fibre and matrix, the different damage mechanisms of fibre 

breaking, fibre-matrix debonding, matrix cracking, etc, were associated to the visco-

elasto-plastic behaviour of matrix. generating a significant amount of heat which was 

converted in a significant temperature increase for low and high stress levels [35, 36]. 

Compared to the traditional Wöhler S-N curve, the Risitano method does not need to use 

a large number of specimens and it has a very efficient albeit time-consuming procedure, 

which consequently offers a considerable saving in cost [36]. 

The investigation on the damage mechanisms of composite material with 

thermography analysis under fatigue loading was also conducted by Toubal et.al [37]. 

The evolution of the temperature consisted of three stages. In the first part, the variation 

in the temperature was due to frictions (fibres/fibres and fibres/matrix) and the damages 

which started and were propagated during the fatigue test. In the second part, the 

temperature reached a balance due to the saturation in the damage, which then led to a 

sudden increase of temperature corresponding to the rupture. Studies were also performed 

to investigate the evolution of composite damage under static tensile tests by using the 

thermography method with different fibre orientations of E-glass respective to the loading 

direction. These studies showed that the thermography method can locate the failure due 

to the rupture of fibre by detecting the hottest point of the specimen and it is very useful 

for early diagnostics of structures under real conditions [38, 39]. Colombo et.al [40] in 

their study about mechanical characteristics of GFRP by thermography, categorised 

thermal behaviour of fibre composite into elastic behaviour, non-elastic behaviour and 

final breakage. In elastic period, temperature showed a decreasing trend since the input 

energy is stored and absorbed by composite material. In non-elastic behaviour and final 

breakage period, the temperature increased suddenly and non-linearly due to the energy 

released that caused the final failure of the composite specimen. Recently, several authors 

studied about the thermomechanical behaviour of fibre composite in terms of damage 

behaviour [41-47]. The results indicated that temperature response was related to the 

physical damages of fibre composite. Considering the relationship between physical 

damages and temperature response, it is therefore important to provide an experimental 

analysis method with thermography and conventional approach for damage behaviour of 

fibre reinforced composites; a particular category is the glass fibre reinforced polymer 

which is the object of this work. This kind of composite has long unidirectional fibre glass 

as reinforcement and a polymer matrix. The objective of this study is to have the thermal 

phenomenon from NDT thermography observation of glass fibre/epoxy composite during 

the tensile static and fatigue loading. 

 

METHODS AND MATERIALS 

 

This section describes the materials used and experimental prosedure to understand the 

mechanical and damage behaviour of GFRP composite by determining various 

mechanical properties testing and NDT observation. 

 

Material  
The material used for the study was the unidirectional glass fibre reinforced polymer 

composite. In order to facilitate the wetting of fibres, epoxy resin was selected. The 

composite laminate consisted of 10 layers of unidirectional glass fibre (0.24 mm thickness 

of layer) that contained 60% of nominal fibre volume throughout the thickness as the 

reinforcement and epoxy resin was employed as the matrix. The orientation of fibre was 

97% perpendicular and 3% parallel against the tensile loading direction. The specimens 
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were rectangular specimen with dimensions of 200 mm x 25 mm x 4 mm and bonded 

with glass/epoxy tabs of 50 mm. There were two types of GFRP composite specimen 

used in this study as seen in Figure 1.  

 

 

 

 

(a) Rectangular specimen without hole 

 

 

 

 

(b) Rectangular specimen with 5 mm in diameter of hole at its center 

 

Figure 1. GFRP composite specimens. 

 

Experimental 

This experiment was divided into two stages.Tensile static testing on GFRP composite 

without hole and observed with IR camera.Tensile fatigue testing on GFRP composite 

with hole and observed with IR camera. Test was carried out with  a servo-hydraulic 

testing machine, the INSTRON Machine 8501 with a capacity of 100 kN. The machine 

was equipped with a standard load cell and mechanical grips. The global longitudinal 

strain of the specimen was measured based on the crosshead displacement and the local 

longitudinal strain was measured using an electric uni-axial strain gauge with a gauge 

length of 5 mm attached to a specific position of the specimen surface. Static tensile tests 

were performed under a constant cross-head speed of 1 mm/min. Fatigue tests were 

performed under load control and at a stress ratio, R, equal to 0.1, i.e., tension loading 

and constant 3 Hz of frequency (ASTM D 3479). Various maximum stresses were used 

for the fatigue tests. The test specimens were allowed to cycle until failure occurred or 

until a predetermined number of cycles was reached. Moreover, rapid test of fatigue 

loading with same parameters was also conducted to determine the high cycle fatigue 

strength and fatigue life utilising IR camera that referred to the Risitano's method. This 

rapid fatigue test used one specimen for each test of maximum stress until reaching 10000 

cycles. Once the 10000 cycles were reached, the test was stopped, then continued with 

the next maximum stress. In following the temperature changes on the specimen surface, 

an Infra-Red camera of FLIR A325sc was used for the tests. Control of the camera and 

data recording were done with the FLIR R&D software. The FLIR R&D software was 

able to measure temperature change in various shapes and dimensions such as spots, lines, 

and area as well as when using various palettes of colours and shades. The camera 

resolution was 320 x 240 pixels with a detector type of uncooled microbolometer. Camera 

spectral range was 7.5 to 13 µm, whereas the temperature range was from -20°C to 

+120°C with + 2°C or + 2% accuracy of reading. The camera was provided with the 

automatic correction of emissivity and atmospheric transmission based on distance, 

atmospheric and relative humidity. IR camera was placed approximately 30 cm of fix 

distance in front of the specimen surface; therefore, it was possible to obtain full-field 

thermal maps of the specimens during the tests. This thermography observation did not 

use an external heat source. In this case, the thermal images acquisition were set at 30 Hz. 

Figure 2 shows the experimental set up. 
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Figure 2. Experimental set up. 

 

RESULTS AND DISCUSSION 

 

Static Results  

During the test, specimen surface was also observed by the IR camera to follow the 

evolution of temperature. Figure 3 shows the thermal images up to the final failure. In 

order to follow the evolution of temperature during the test, the area profile was used at 

several areas of specimen surface to study all changes of the maximum temperature until 

the final failure, as seen in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Thermal images of GFRP composite without hole. 

 

From Figure 4 above, all the temperature surfaces (ΔT) detected by the IR camera 

varied between 0.2 – 1.3 °C. From the comparison between thermal images and 

temperature change during the test before the final failure, ΔT above 0.6 °C was clearly 

shown by several peaks of temperature profile related to the presence of macro damage. 

When damage occurred, it represented the energy which was gradually released. The 

energy that has been absorbed Was sufficient to create macro-cracks, enlarging the pre-

existent ones, and also to create new inner and surface cracks. The heat generated from 
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the energy release was then detected by the IR camera that showed an increase in 

temperature in the area of damage [41]. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Temperature evolution of GFRP composite without  hole. 
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Each of the peak of temperature indicated different types of initial macro damage. 

We found that ΔT ≈ 0.9 °C was directly associated with the appearance of macro matrix 

cracking and ΔT ≈ 1.3 °C was related with the appearance of interfacial failure or splitting. 

The higher temperature of splitting was in fact due to absorbing more energy of damage 

[48]. From the temperature evolution during the tensile test, the presence of   macro 

damage indicated the area of final failure which was concentrated in the region of the 

failure area. In sum, the initial macro damage provoked the occurrence of catastrophic or 

final failure of the specimen that induced the highest peak of temperature at ΔT ≈ 37 °C. 

Using the information of strain propagation that occurred when this initial macro 

damage occurred, thermography and strain gage confirmed the presence of initial macro 

damage which happened before the catastrophic or final failure of the specimen as seen 

in Figure 5. The damage appearances were shown with a small discontinuity in the strain 

curve and also higher increase of temperature at the same time. It can be noted that the 

combination of this exprimental method of thermography observation by IR camera and 

strain propagation by strain gage under static tensile loading can give good local 

information and excellent correlation with local strain from the strain gage about the early 

damage appearance and propagation, as well as damage type and damage location until a 

rupture based on the temperature profile and strain value of GFRP composite [42].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Strain and temperature evolution of GFRP composite without hole 

 

Fatigue Results  

During the fatigue tests, IR camera was used to follow the temperature changes on the 

specimen surface. Figure 6 represents the temperature changes at the edge of the hole 

during the fatigue test with 65% of UTS. From Figure 6, all the temperature surface (ΔT) 

detected by IR camera varied between 0.2 – 39 °C. From the comparison between thermal 

images and temperature change during the test before the final failure, ΔT ≈ 0.9 °C which 

was clearly shown by the peak of temperature profile related to the presence of the first 

macro damage of matrix cracking. After that, the temperature was shown to reach a stable 

period of the increase trend [37]. The temperature profile had a gradual increase trend 

with the slope ≈ 0.001 oC/cycle until around 200 cycles and continued to increase with a 

slightly higher slope ≈ 0.002 oC/cycle. The temperature increased until around 800 cycles. 

The trend of temperature experienced a significant increase at the final period. 
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Figure 6. Evolution of surface temperature of GFRP composite. 

 

With three times of higher slope, at 0.006 oC/cycle until reaching the rupture, ΔT 

suddenly increased and reached the highest ΔT ≈ 39 oC at one cycle. The temperature 

evolution was then compared with the damage evolution as seen in Figure 7. From the 

temperature and damage evolution during the tensile fatigue test (Figure 6 and Figure 7), 

the presence of damage was indicated by temperature change on the specimen surface 

during the test that existed and concentrated at the hole. Meanwhile, the temperature 

evolution at other areas of specimen surface that were far from the hole did not show an 

increase of temperature or relative to have the same temperature from the beginning of 

the test until the rupture of the specimen [47]. When damage occured, it represented the 

energy which was gradually released. The heat generated from the energy release was 

then detected by the IR camera that showed an increase in temperature in the area of 

damage. The evolution of the temperature can be categorised in four stages. In the first 

part, the initial increase of temperature was possibly due to the micro cracking in matrix 

[47]. In the second part, a sudden increase in temperature was caused by the first 
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appearance of macro matrix cracking. After that, the temperature reached a slowly 

increasing trend due to the stable growth of matrix cracking as part of the third stage [47]. 

The final part, a significant increase trend of temperature could be due to fibre/matrix 

debonding as the interfacial failure in splitting the form and finally provoking the 

occurrence of fibre fracture which was dealing with the rupture of the specimen [47]. It 

can be noted that the combination of this exprimental method of thermography 

observation by IR camera and strain propagation by strain gage can give a good 

confirmation with local strain from gage detection on the damage appearance and 

evolution of GFRP composite with holed specimen under tensile fatigue loading.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.  Temperature and damage evolution of GFRP composite with 60% of UTS. 

 

Rapid Analysis of Fatigue Strength  

The purpose of this analysis is to determine the fatigue strength based on experimental 

results by means of IR camera and energy dissipated in a unit volume of material. 

Thermographic approach that relies on the use of an IR camera, as originally called the 

Risitano method has shown to be useful for the determination of high cycle fatigue 

strength (HCFS) of composite material [34, 48, 49]. The main advantage of this method 

provides a rapid determination of HCFS that is a very efficient time-consuming procedure 

and provides substantial saving of fatigue test costs [49-51]. This test was conducted  

using GFRP composite with a holed specimen and under the loading frequency of 3Hz 

and R = 0.1. Using the IR camera, a temperature profile for specimen surface was used 

as a function of the number of cycles for a test with different load levels. The fatigue tests 

were conducted until 10000 cycles to have a stable or a plateau profile of temperature 

evolution as is seen in Figure 8.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Temperature profile of GFRP composite for each load level. 
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 According to the Risitano method, the high cycle fatigue strength of material can 

be determined from the intersection of temperature profile ΔTstable of different stress levels 

obtained by separately fitting the experimental data for low and high stress amplitudes on 

the x -axis, respectively (for stress levels below and above the expected fatigue limit). 

From Figure 8, after 50% of load level, there was a significant or higher increase of 

temperature compared to under 50% of load level. This load level was then used to 

categorise the stress level of below and above, which showed the characteristic of bilinear 

profile used for this method. Figure 9 shows how the HCFS was determined using a 

graphical procedure based on the thermography method. It was noted that this method is 

a true in situ measurement technique. Thermography is a measurement technique which 

provides the information (image, profile, distribution) of the temperature on the surface 

of the examined object in real time [36, 37, 49]. The deformation of solid materials is 

almost always accompanied by releases of heat. When the material becomes deformed or 

is damaged and fissured, a part of energy is necessary and the propagation of the damage 

is transformed in an irreversible way into heat [52]. 

 

 

 

 

  

 

 

 

 

 

 

Figure 9. HCFS of GFRP composite by thermography method. 

 

Figure 9 confirms the HCFS of 53 % of UTS, and it can be noted that HCFS was 

determined by the thermography approach successfully applied for the GFRP composite 

material.  Furthermore, an investigation for a quantitative characterisation based on 

intrinsic energy dissipation was presented to validate the accuracy of the thermography 

approach. The energy dissipation was identified as the area enclosed by a hysteresis loop 

for a particular cycle according to the cycle in the ΔTstable period, as illustrated in Figure 

10(a). Next, a plot of energy dissipation per unit volume as a function of the load was 

created to determine HCFS as seen in Figure 10(b). 

The HCFS of  ≈ 48% of UTS obtained by energy dissipation in Figure 10 was 

found to not differ significantly to that obtained using the thermography method in Figure 

9. From the comparison result of HCFS based on thermography and HCFS based on 

energy dissipation, the thermography method showed good correlation of following the 

damage behaviour with the conventional approach, which is a key finding to study the 

damage behaviour of unidirectional GFRP composite. Furthermore, a plot in Figure 11 

was established between energy dissipation per unit volume and ΔTstable for each load 

level of fatigue test to obtain the relationship between thermal dissipated detected by IR 

camera and energy dissipated from the hysteresis heating. The relation between 

stabilisation temperature profile and the energy dissipation during fatigue test can be 

approximated by a linear function with a data correlation factor, R2 close to 1. It can be 

said that the increasing of temperature detected by the IR camera on the specimen surface 

as a result of thermal dissipated was in fact due to energy dissipation of the material. The 

HCFS ≈ 
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main mechanisms causing energy dissipation could be attributed to the damage 

appearance of matrix cracking, interface cracking/friction among others, and fibre 

fracture [37, 50]. Or in other words, thermography method exists where the damage is 

characterised by the temperature increase during fatigue testing due to the hysteresis 

heating [36]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Hysteresis loop and energy dissipation for GFRP composite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Energy dissipation versus ΔTstable of GFRP composite for different load level. 
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CONCLUSIONS 

 

This paper has presented the experimental results of thermal phenomenon based on the 

application of the previously established rapid thermographic technique to determine the 

damage behaviour under static and fatigue tensile loading and high cycle fatigue strength 

of unidirectional glass fibre reinforced polymer composite. The findings indicated that 

the thermal phenomenon observed by the infra-red camera gave a good local information 

about early damage appearance and propagation, as well as damage type and damage 

location until rupture based on temperature profile of GFRP composite under tensile static 

loading. Under tensile fatigue loading, the damage appearance and evolution of GFRP 

composite were successfully followed by the thermal phenomenon. In terms of fatigue 

strength, thermal phenomenon can be successfully used to determine the HCFS of GFRP 

composite. Therefore, it can be concluded that thermal phenomenon is effective for 

characterisation of mechanical strength and identification of damage behaviour of GFRP 

composite under static and fatigue conditions. Further studies are recommended on the 

combination of several non-destructive testing methods to obtain more correlation data 

of GFRP composite behaviour in terms of mechanical strength and damage mechanisms.  
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