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Abstract: Infrared thermography is a useful tool for the rapid determination of fatigue 8 
properties.  A previously proposed fatigue life model, which combines the stiffness 9 

degradation �(�) with thermographic data ∆���	
, has been successfully applied to UD and 10 

±45° CFRP laminates. In view of more complex damage mechanisms in multidirectional 11 

laminates, the model is modified in this work to overcome the conservative predictions. The 12 

S-N curves determined by the modified model are compared with the experimental results of 13 

traditional fatigue tests on Quasi-Isotropic (QI) and cross-ply CFRP laminates. Very good 14 
consistency was observed. In particular, the S-N curve corresponding to fatigue life of ��� =15 

10� cycles is conservative compared to that from the traditional fatigue test results, but the 16 

maximum safety factors are no more than 1.15 and 1.08 for QI and cross-ply laminates, 17 
respectively. Both S-N curves corresponding to ��� = 10� cycles for two tested laminates lie 18 

within the 95% confidence interval of traditional experimental results. Therefore, based on 19 

infrared thermographic data, the modified model proposed in this study is more general. It 20 

allows to determine the S-N curves of QI and cross-ply CFRP laminates just in about ten 21 

hours of testing machine time instead of one month and a half using traditional fatigue tests, 22 

even though more experimental data (other types of MD stacking sequences, composite 23 

materials, under other fatigue modes, etc.) are necessary to demonstrate the applicability of 24 

modified model to all types of MD laminates. 25 

Keywords: Multidirectional CFRP laminates, fatigue life, infrared thermography, damage 26 
accumulation, 3 parameter model 27 

1 Introduction 28 

The application of Carbon Fiber Reinforced Plastics (CFRP) as a high-performance 29 

engineering material is becoming widespread owing to their excellent specific stiffness and 30 

strength, corrosion and creep resistance [1], etc. In service, fatigue degradation caused by 31 

repeated cyclic loading is recognized as a common mode of failure for the CFRP structures. 32 

As a consequence, there have been extensive studies investigating the fatigue properties of 33 

CFRP materials [2-5] . Most of these studies were based on measuring the number of cycles 34 

to failure at different stress levels with an intention of generating the S-N curves. This is 35 

particularly costly and time-consuming. Besides, for a given material, its fatigue properties 36 

can depend on different parameters, such as loading frequencies, stress ratios, geometrical 37 

shapes and dimensions, manufacturing processes and surface roughness, etc. [6-9]. Moreover, 38 
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in comparison with metals, the fatigue behavior of CFRP is considerably more complicated 1 

due to their inherent anisotropy and heterogeneity. Fiber orientation and content [10][11], 2 

stacking sequence [12][13], fiber/matrix interface quality [14][15], etc. can all have an 3 

influence on their fatigue properties. Therefore, there is a strong need for new approaches to 4 

rapidly evaluate the fatigue properties of CFRP. Studies show that the Non Destructive 5 

Testing (NDT) methods may satisfy this requirement [16]-[18]. 6 

Fatigue of materials is an irreversible energy dissipation process accompanied by temperature 7 

variation. InfraRed Thermography (IRT) enables the visible identification of the surface 8 

temperature field of a material when it is subjected to mechanical loading. It can be applied 9 

not only to access the damage initiation and propagation in real time, but also, based on the 10 

thermographic analysis, to predict in a short time fatigue properties (fatigue limit, fatigue life) 11 

[18-24]. For example, Risitano et al. firstly developed an empirical method, i.e., One-Curve 12 

Method (OCM), to evaluate the fatigue limit and construct the S-N curve of metallic materials 13 

[25][26]. Based on the detection of occurrence of intrinsic dissipation energy, Luong et al. put 14 

forward a Two-Curve Methodology (TCM) to rapidly determine the fatigue limit of metals 15 

[27][28]. Later, the method has been used for the evaluation of fatigue limit of ±45° Glass 16 

Fiber Reinforced Plastics (GFRP) [29], UD, ±45° and braided CFRP [30][31]. In the study of 17 

Jiang et al. [32], the total plastic-strain-energy density was employed to establish the fatigue 18 

failure criterion. They showed that the temperature index, defined as the temperature 19 

difference between initial and steady stage, can be used to predict the fatigue life of two 20 

superalloys. Amiri et al. [33] pointed out that the initial slope of temperature rise plotted as a 21 

function of fatigue cycles could be utilized as an index for fatigue life prediction. On this 22 

basis, an approach has been developed to evaluate the fatigue life of aluminum and steel, and 23 

an improved method for braided GFRP [34].  24 

However, to the author’s knowledge, there are few studies which utilize IRT to determine the 25 

fatigue properties of MultiDirectional (MD) composite laminates, probably due to the notably 26 

more complicated damage mechanisms in these materials. Besides, as these thermographic 27 

methods were originally designed for the metallic materials, they should not be applicable 28 

anymore for the MD composite laminates without modification or adaptation. 29 

The damage mechanisms of composite materials under fatigue loading are very complex.  But 30 

thanks to NDT methods, such as Ultrasonic Scanning (US), Acoustic Emissions (AE), Digital 31 

Image Correlation (DIC), etc., it makes it easier to understand and analyze the damage 32 

mechanisms [16][17]. According to numerous studies, it is believed that three distinctive 33 

stages of damage evolution in composite structures under fatigue loading can be generally 34 

distinguished: matrix cracking and fiber-matrix debonding at the beginning of fatigue life, 35 

followed by delamination, growth and coalescence of matrix cracks, and fiber fractures in the 36 

final stage [35][36]. The accumulation of damages is accompanied with the degradation of 37 

stiffness [37][38]. Therefore, measurement of residual stiffness could be used as an indication 38 

of the extent of accumulated damages during fatigue loading and further give predictions of 39 

fatigue life [39-[43].  40 

In a previous work, a fatigue life model based on stiffness degradation was proposed by 41 

Huang et al. [44] by combining the IRT data with damage accumulation process. The 42 

proposed method allows to determine S-N curve just in about ten hours of machine time. The 43 

model has been successfully applied to determine the fatigue S-N curves of triaxially braided, 44 
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unidirectional (UD) [44] and ±45° [45] CFRP laminates.  1 

In this work, firstly Huang’s model has been applied to Quasi-Isotropic (QI) CFRP laminates. 2 

Nevertheless, it produces rather conservative fatigue life predictions because in a MD 3 

laminate, damage initiation and accumulation process are more complex. Hence, secondly the 4 

model is modified in the present study. Herein, a new parameter r is introduced into the 5 

original Huang’s model to consider the influence of more complex damage mechanisms in 6 

MD CFRP laminates. A normalization process is proposed for stabilized temperature rise 7 

∆���	
 to facilitate the comparison between different specimens. The determination of the 8 

parameters of new model has been discussed. This model is first applied to QI CFRP 9 

laminates, and then to cross-ply CFRP laminates. A good agreement was found between the 10 

S-N curves determined by the proposed model and the experimental results from traditional 11 

tests. The modified model is demonstrated to be more general than Huang’s model and more 12 

reliable for the rapid determination of fatigue life of QI and cross-ply CFRP. 13 

2 Materials and experimental details 14 

The preparation of specimens and detailed experimental procedure are described in this 15 

section. 16 

2.1 Materials and specimens 17 

The tested composite laminates were prepared from high strength unidirectional carbon 18 

prepreg which is made of HexPly®M79 matrix and carbon fiber (38%/UD150/CHS). Two 19 

different multidirectional stacking sequences have been considered for the study: one is cross-20 

ply of [(0 90⁄ )� 0 (90/0)�⁄⁄ ] , the other one is QI of [0 45 90 −45⁄⁄⁄ ]�. The laminates were 21 

first hand laid up, and then cured in an autoclave at 2.0 bar and at 80 °C for 360 min and were 22 

subsequently cooled down to the room temperature under pressure, which resulted in a 23 

nominal thickness of 1.204 mm (± 0.018) and 1.009 mm (± 0.025), respectively. The 24 

specimens were water-jet cut from the fabricated composite laminates to the dimensions 25 

given in Fig. 1, in accordance with ISO 527-4: 2021 [46]. The main advantage of using water-26 

jet cutting is that the cuts made by waterjets are significantly more accurate and precise than 27 

those made by other tools (the accuracy is close as 0.001" (0.025 mm)) [47]. Besides, since 28 

flow waterjets cut the specimens by erosive action rather than friction and shearing, they 29 

produce a uniform smooth edge free of frayed or delaminated areas. This point is rather 30 

important because the fatigue property of composite material is significantly affected by the 31 

edge quality [48]. To prevent rupture and slippage in the grip region of the test device, glued 32 

end-tabs were used at either end of the specimens [49][50]. 1 mm thick and 50 mm long glass 33 

fiber reinforced epoxy tabs were adhered to the specimens using Hysol EA 9394 Part A + B 34 

epoxy adhesive. The fibers in the tabs were oriented in the ±45° direction. 35 
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 1 
Fig. 1 Dimensions of cross-ply specimens used for the tensile and fatigue tests 2 

2.2 Static tensile tests 3 

To determine the Ultimate Tensile Strength (UTS), quasi-static tensile tests were conducted at 4 

room temperature using INSTRON universal testing machine (INSTRON 5500R), equipped 5 

with a 100 KN load cell. The experimental setup was shown in Fig. 2 (a). The tests were 6 

performed according to standard ISO 527-4: 2021 [46], with a 2.0 mm/min cross-head speed. 7 

To ensure repeatability, 3 specimens with identical dimensions were tested for each stacking 8 

sequence. During the tests, the tensile force was recorded by the sensor of Instron 5500R 9 

testing machine and the tensile strain was measured with a DIC system Aramis 2M (GOM, 10 

Braunschweig, Germany). Two 8-bits Complementary Metal Oxide Semiconductor (CMOS) 11 

cameras with a resolution of 1624*1236 pixels were positioned on the same side of the 12 

specimen to capture the images of the specimen surface. A random speckle pattern which was 13 

created by the black and white spray paints was applied on the surface of the specimen prior 14 

to the testing. The data recording rate is one frame per second and the post-processing of the 15 

obtained results was performed by the Aramis software. 16 

According to the results of static tensile tests, the UTS was determined as 607.5 ± 22.1 MPa 17 

and 1329.4 ± 24.7 MPa for the QI and cross-ply laminates, respectively. 18 

2.3 Fatigue tensile tests  19 

The uniaxial tensile fatigue tests were carried out in the servo-hydraulic Instron loading 20 

machine, in accordance with the standard ASTM D3479 [49]. The fatigue tests were 21 

performed at room temperature in a load amplitude control mode at a frequency of 5Hz and 22 

with a stress ratio of R=0.1.  23 

Traditional fatigue tests were conducted with various stress levels, at least three tests were 24 

conducted at each stress level in order to produce a reliable S-N curve.  Each test was stopped 25 

at specimen’s failure or until a run-out of 10� cycles was reached.  26 

In addition, step-loading fatigue tests monitored by infrared camera were also performed to 27 

obtain the thermographic data for the rapid fatigue life prediction. The maximum stress 28 

amplitude of the cyclic loading started from 30% UTS. A loading step of 5% UTS was used 29 

until the failure of the specimen. For each loading level, the specimen is only tested for 6000 30 

cycles, which were sufficient to produce a stabilized temperature rise. A FLIR X6800sc Series 31 

IR camera was utilized to measure the surface temperature of the specimen in situ and in real 32 
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time. The device used in this work was a mid-wavelength InfraRed camera, with a spectrum 1 

response covering the wavelengths ranging from 3 to 5 ��. The detector spatial resolution 2 

was 640×512 pixels and the thermal sensitivity was 18 mK at 30 °C. The frame rate speed 3 

was set as 520 Hz. To increase the thermal emissivity of the specimen surface, before fatigue 4 

testing, the surface of the specimen was coated with a thin layer of black mat paint. The 5 

detailed experimental setup is depicted in Fig. 2 (b). A reference specimen is placed nearby 6 

the testing specimen to monitor the temperature change of ambient environment. Three 7 

specimens were tested for each stacking sequence. The experimental stiffness K(N), defined 8 

as the slope of the force-displacement hysteresis loops, was recorded at fixed time intervals of 9 

the fatigue life, as presented in Fig. 3. 10 

  
(a) (b) 

Fig. 2. Experimental setup: (a) static tensile tests; (b) fatigue tests with the use of IR camera 11 

 12 
Fig. 3. Typical hysteresis loop during fatigue tests (unit of N: cycles) 13 

3 Fatigue life prediction based on thermographic data 14 

In this section, the fatigue life model proposed by Huang is first reviewed and applied to the 15 

data of QI laminates. The S-N curves determined by Huang’s model are found to be much 16 

lower than the traditional fatigue test results. Therefore, the model was modified. Thereafter, 17 

the experimental data of both QI and cross-ply laminates will be used to validate the model. 18 

3.1 Huang’s model [44] 19 

The evolution of accumulative damage as a function of the number of fatigue loading cycles 20 

may be generally described by the curve in Fig. 4. Three distinctive stages are shown in this 21 

figure [39]. In the first stage, rapid development of damages is attributed to the formation of 22 
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micro-cracks in the matrix and/or in the fiber-matrix interfaces. The second stage, which 1 

occupies the majority (70-80%) of the fatigue lifetime [53], is characterized by delamination 2 

propagation and the growth and coalescence of matrix cracks [54]. Finally, in the third stage, 3 

an accelerated damage growth caused by the fracture of fibers leads to the final failure of 4 

laminates [55][56]. The accumulation of damages causes the stiffness degradation which can 5 

also be divided in three distinctive stages (Fig. 4).  6 

Therefore, in the work of Huang et al. [44], the change in residual stiffness has been used to 7 

express the extent of accumulated damages in the material. The damage variable D is defined 8 

as [57]: 9 

 10 

 (�) = 1 − �(�)
1 − ��  (1) 

  
Where N is the number of loading cycles, �(�) and ��, defined as !(�)/!" and !�/!", are the 11 

normalized residual stiffnesses at Nth cycle and at the end of second stage (��), respectively. !" is 12 

the initial stiffness. 13 

 14 

Fig. 4. A typical trend for stiffness degradation and damage accumulation during fatigue loading [56] 15 

 16 

Huang et al. [44] assumed that the normalized stiffness �(�) is associated with the stabilized 17 

temperature rise ∆���	
 by Eq. (2): 18 
�(�) = 1 − #$∆���	
�% &⁄  '()ℎ + ≥ 1 (2) 

Where p’ and q are two material constants, independent of temperature and loading cycles. 19 

Substituting Eq. (2) into Eq. (1) and considering the boundary condition that as the number of 20 
cycles approaches the fatigue life ��, D approaches 1, Eq. (1) becomes: 21 

1 = #′∆���	
��% &⁄
1 − ��  '()ℎ + ≥ 1 (3) 

This formula can be expressed in another form: 22 

�� = . 1 − ��#′∆���	
(/)0
&

 '()ℎ + ≥ 1 (4) 

Eq. (4) can be used to determine the fatigue life of CFRP once the values of p’, q and the 23 

relationship between stabilized temperature rise and maximum loading stress are known. 24 

3.2 Application of the model proposed by Huang et al. [44] 25 

In this section, Huang’s model [44] is applied to the experimental data of QI CFRP laminates 26 
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to validate model’s generalization (Fig. 5).  1 

 2 

Fig. 5 Flowchart of fatigue life determination 3 

In the first step, the method proposed in Jia’s work [58]was adopted to evaluate the fatigue 4 

limit. This method has been proven to be an efficient approach for the fatigue limit 5 

determination of MD composite laminates. The fatigue limit is determined as 65% UTS (Fig. 6 

6(a)) and the corresponding stabilized temperature rise as 4.205°C, as shown in Fig. 6 (b). In 7 

the second step, Eq. (2) is employed to fit the data of normalized stiffness degradation 8 

(maximum stress of 50%, 55%, 60%, 65% and 70% UTS) as a function of the number of 9 

loading cycles and stabilized temperature rise using 3D surface fitting with help of a 10 

MATLAB program. The best fit values of p’ and q are determined as 2.344e-2 (°2 ×11 

23456% &⁄ )7% and 11.80, respectively. The corresponding coefficient of determination 8� is 12 
0.884. The failure threshold stiffnesses �� corresponding to a fatigue life ���  of 10� and 10� 13 

cycles are evaluated as 0.682 and 0.614 in the third step, respectively.  14 
Having the values of p’, q and ��, the whole S-N curve can be determined in the fourth step 15 

and a plot of the prediction curve is shown in Fig. 7. Traditional fatigue test results with 95% 16 

confidence interval are also included in the plot for comparison. As can be seen from this 17 
figure, the S-N curves corresponding to ��� = 10�  cycles and ��� = 10�  cycles are both 18 

below the 95% confidence interval. The determined fatigue life is much lower than the 19 

traditional fatigue test results overall. The error, defined as ((95% confidence interval-20 

Huang’s model)/95% confidence interval), between the maximum stress obtained from the S-21 
N curve corresponding to ��� = 10�  cycles and the lower boundaries of 95% confidence 22 

interval varies between 93.82% and 98.39%, while for the S-N curve corresponding to ��� =23 

10� cycles, the error ranges from 38.24% to 83.87%. In conclusion, the fatigue life of the 24 

tested QI CFRP laminates determined by Huang’s model is too conservative to be accepted. 25 

 26 



 

 
8 

 

Fig. 6. Fatigue limit determination of QI laminates: (a) loci of normalized angle change vs sequence 1 

number of the point; (b) stabilized temperature rise vs maximum stress. 2 

 3 
Fig. 7. Comparison of determined S-N curves by Huang’s model with traditional fatigue test results for 4 

QI laminates 5 

3.3 Proposition of modified model 6 

Recall that Huang’s model has been applied successfully to UD [44] and ±45° laminates [45] 7 

made from the same prepreg as that used in this study. But it underestimates the fatigue life of 8 

QI laminates. In fact, according to the study of Huang et al. [44], in Eq. (2), the parameter p’ 9 

allows to regulate the scale of temperature rise, while the role of q is to control the shape of 10 

the function. For a MD laminate under tensile loading, each ply with different fiber 11 

orientation can be subjected to different stresses leading to more complex damage modes 12 

compared to that of UD and ±45° laminates. The differences in damage mechanisms are 13 

reflected in the relationship between the normalized stiffness and the stabilized temperature 14 

rise. In Huang’s model, when the values of p’, q and N are determined, the Eq. (2) becomes 15 

�(�) = 1 − #′∆���	
(/)�% &⁄ = 1 − 9 × ∆���	
(/) '()ℎ + ≥ 1 (9 is a constant). As can be 16 
seen from the equation, there is a linear decrease of stiffness with the increase of stabilized 17 

temperature rise. The experimental stiffness degradation data plotted as a function of 18 

stabilized temperature rise of specimens with different stacking sequence when the number of 19 

loading cycles equals to 4000 and 8000 cycles are illustrated in Fig. 8 and Fig. 9. The values 20 

of these two numbers of loading cycles are chosen arbitrarily. For the UD (or for ± 45°) 21 

laminates, according to the study of Huang et al. [44][45], the best-fit values of p’ and q are 22 

10.87 × 107�(°2 × 43456%/&)7%  ( 1.68 × 107>(°2 × 43456%/&)7% ) and 4.75 (5.56), 23 
respectively. When the values of N are taken as 4000 and 8000, the corresponding values of s 24 

become 0.623 (7.47 × 107>) ℃7% and 0.721 (8.46 × 107>) ℃7% and the exact expression for 25 

�(�)  will change to �(4000) = 1 − 0.623 × ∆���	
(/)  and �(8000) = 1 − 0.721 ×26 

∆���	
(/) , respectively. Subsequently, these two linear equations are adopted to fit the 27 

experimental data, as shown in Fig. 8. The coefficients of determination 8� are determined as 28 

0.922 (0.950) and 0.965 (0.9745) when N=4000 cycles and 8000 cycles, respectively, which 29 

indicates that the fitting curve agrees well with the experimental data. For the QI laminates, 30 

the values of p’ and q determined by Huang’s model are 2.344e-2(°2 × 23456% &⁄ )7% and 31 
11.80, respectively. When the number of cycles is equal to 4000 and 8000 cycles, the 32 

corresponding values of s turn out to be 4.73 × 107�  ℃7% and 5.02 × 107�  ℃7% , 33 

respectively. The fitting results using these two linear equations for the experimental data are 34 
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depicted in Fig. 9. The corresponding 8� are 0.806 and 0.827, respectively. Based on these 8� 1 

values, it is clear that linear fitting is less accurate for QI laminates.  2 

 3 
Fig. 8. Normalized stiffness degradation vs stabilized temperature rise for UD and ± 45°laminates  4 

(Data from [44] and [45]) 5 

 6 
Fig. 9. Normalized stiffness degradation vs stabilized temperature rise for QI laminates 7 

 8 

In order to take into account of the complex damage mechanisms in MD laminates, the 9 

expression of normalized stiffness �(�) in Eq. (2) can be modified by introducing another 10 

parameter r as follow: 11 
�(�) = 1 − #′∆���	
B �% &⁄  '()ℎ + ≥ 1 (5) 

However, it should be noted that if the parameter r is close to 1, this model returns to the model 12 

expressed by Eq. (2). Therefore, the modified model in Eq. (7) is more general and it includes the 13 

model in Eq. (2).  14 

In addition, as can be seen from Fig. 8 and Fig. 9, the scale of stabilized temperature rise of 15 

different stacking sequences varies deeply from each other. For example, the stabilized 16 

temperature rise of UD laminates varies between 0.25 and 2.1℃, while that of ±45° 17 

laminates ranges from 7 to 24℃. For the ease of comparison between different specimens, a 18 

normalization process is proposed for ∆���	
: 19 ∆���	
∗ = ∆���	
/(∆���	
)E	F  (6) 

Where ∆���	
∗  is the normalized stabilized temperature rise, (∆���	
)E	F  is the maximum 20 

value of stabilized temperature rise of each specimen. 21 

Substituting Eq. (6) into Eq. (5), it can be obtained: 22 
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�(�) = 1 − #(∆���	
∗ )B�% &⁄  '()ℎ + ≥ 1  (7) 

Where # = #$ × (∆���	
)E	FB . 1 

Now there are three parameters p, q and r to determine empirically. The value of these three 2 

parameters can be calibrated by fitting experimental data with the help of MATLAB.  3 

3.4 Validation of proposed model 4 

In this section, the experimental data of QI CFRP laminates is first employed to validate the 5 

proposed model. Thereafter, the proposed model will be applied to the cross-ply laminates to 6 

further demonstrate the universality of this model in the fatigue life prediction of MD 7 

laminates. 8 

3.4.1 Case one: QI CFRP laminates 9 

In the first step, as previously mentioned, the fatigue limit and corresponding stabilized 10 

temperature rise are determined as 65% UTS and 4.205°C, respectively. In the second step, 11 

Eq. (7) is employed to fit the experimental data using MATLAB software. The values of p, q 12 

and r were determined as 3.736e-2, 11.776 and 0.660, respectively. The corresponding 13 

coefficient of determination 8� is 0.980. In the third step, according to Eq. (7), the failure 14 
threshold stiffness ��  was computed as 0.689 and 0.621 when ��� = 10�  cycles and 10� 15 

cycles, respectively. Finally, the S-N curves determined using proposed model are illustrated 16 

in Fig. 10.Traditional test results with 95% confidence interval and that determined by 17 

Huang’s model are also plotted in the same figure for comparison. 18 

From Fig. 10, it is found that, compared to the S-N curves determined by Huang’s model, 19 

those determined by the modified model are obviously closer to the 95% confidence interval 20 

for the maximum stress above 65% UTS. The S-N curve corresponding to fatigue life of 21 
��� = 10�  cycles based on proposed model is still lower than the traditional fatigue test 22 

results overall. The Safety Factor (SF), defined as the ratio between maximum stress of 23 

traditional fatigue tests and that determined by proposed model for a given number of fatigue 24 
cycle (GH = /�I��,KLKM /ENOI�,KLKM⁄ , where �P is the number of fatigue cycle), lies between 25 

1.09 and 1.15. Both values are very close to 1. On the contrary, the S-N curve corresponding 26 
to ��� = 10�cycles matches well with the traditional fatigue test results. The determined 27 

fatigue lives fall totally within the confidence interval. This suggests that in comparison to 28 

Huang’s model, the modified model is more reliable and promising in predicting the fatigue 29 

life of QI CFRP laminates. 30 

 31 
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Fig. 10. Comparison of determined S-N curves by two models with traditional fatigue test results 1 

3.4.2 Case two: Cross-ply CFRP laminates 2 

The specific procedure for the prediction of fatigue life of cross-ply laminates based on the 3 

proposed model is shown step by step as follows: 4 

Step 1: determine fatigue limit and corresponding stabilized temperature rise based on 5 

thermographic data. 6 

Fig. 11 illustrates the average surface temperature rising versus the number of loading cycles 7 

under 9 successive stress levels. As can be seen from this figure, for the stress levels from 8 

30% to 70% UTS, the profile reached temperature stabilization after certain loading cycles. It 9 

should be noted that the stabilization section for 70% UTS is very short because it is prior to 10 

failure. Fig. 12 (a) depicts the normalized angle change plotted as a function of the measured 11 

point’s number. Similar to the previous case, the new fatigue limit determination approach 12 

[57] was employed here and the fatigue limit was determined as 65% UTS (Fig. 12 (b)), 13 

which lies favorably with the results obtained by the traditional fatigue tests (68.94% UTS). 14 
The corresponding stabilized temperature rise (∆���	
_��) is 2.725° C. 15 

 16 
Fig. 11. Temperature evolution vs number of cycles for one cross-ply laminate 17 

 18 
Fig. 12. Fatigue limit determination of cross-ply laminates: (a) loci of normalized angle change vs 19 

sequence number of the point; (b) stabilized temperature rise vs maximum stress 20 

Step 2: calibrate the values of p, q and r 21 

A plot of normalized stiffness degradation against the number of loading cycles and 22 

normalized stabilized temperature rises under stress level of 45, 50, 55, 60 and 65% UTS are 23 

shown in Fig. 13. For each curve, 20 points are sampled, which varies between 0 and 10000 24 

cycles with interval of 500 cycles. A total number of 100 points are used for fitting. Eq. (7) is 25 
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adopted to fit the experimental data using MATLAB 3D surface fitting Toolbox to calibrate 1 

the value of parameters p, q and r. As shown in Fig. 13, the translucent blue surface is the 2 

result of surface fitting of Eq. (7) by MATLAB program. The best-fit values of p, q and r 3 

were determined as 8.301e-3, 7.023 and 1.26, respectively.  4 

 5 

Fig. 13. Surface fitting of Eq. (7) by MATLAB 6 

Step 3: calculate the failure threshold stiffness 7 
Similar to the case of QI laminates, both �� (��� = 10�  cycles) and �� (��� = 10�  cycles) 8 

were chosen for the calculation of failure threshold stiffness. According to Eq. (5), �� =9 

0.955 when ��� = 10� cycles while this value is 0.938 when ��� = 10� cycles. 10 

Step 4: prediction of the S-N curve 11 

The S-N curves calculated using the model proposed in this study are compared with 12 

traditional fatigue test results with 95% confidence interval in Fig. 14. It can be clearly seen 13 
that the S-N curve corresponding to ��� = 10�  cycles is relatively conservative. The 14 

determined fatigue life is lower than the traditional fatigue test results. The SF lies between 15 

1.04 and 1.08. Both are very close to 1. In consideration of the variability of the fatigue test 16 
results, this is acceptable. The S-N curve corresponding to ��� = 10� cycles lies totally within 17 

the 95% confidence interval. The error induced by the determined S-N curve (��� = 10� 18 

cycles) is well within the measurement uncertainty. This approves that the proposed model 19 

should be reliable to predict the fatigue life of MD CFRP laminates.  20 

 21 

Fig. 14. Comparison of determined S-N curves with traditional fatigue test results 22 

 for cross-ply laminates 23 
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4 Discussions 1 

4.1 Fracture surface observations 2 

Fig. 15 depicts the fracture surfaces of a typical specimen under static tensile loading for each 3 

laminate. For the QI laminates, it is shown that transversal detachment of adjacent fibers 4 

occurred in 90° and ±45° layers, fiber fracture was detected in ±45° and 0° layers and 5 

fiber pull-out could be found in the surface 0° layers [51]. While in the cross-ply laminates, 6 

the fracture mode is characterized by a mixture of fiber fracture in the 0° layers along with 7 

transversal fiber/matrix debonding in the 90° layers [52]. Besides, delamination can also be 8 

found in the interfaces for both two stacking sequences.  9 

 10 
Fig. 15 Observation on fracture surfaces of the specimens under static tensile loading 11 

The fracture surfaces of typical specimens after two kinds of fatigue tests are presented in Fig. 12 

16. Since the damage morphologies of specimens tested under different stress levels are quite 13 

identical, therefore, only one specimen is taken here as an example. It can be noticed that 14 

there is barely no difference in fracture surfaces between the traditional fatigue test specimens 15 

and those who have been subjected to step-loading procedure using IRT. But obviously, the 16 

damages in the latter ones are less than the former. 17 

Overall, the failure mode of tension fatigue test specimens is identical with static tensile test 18 

specimens except that the fiber fracture in the interior -45° layers was not observed in the 19 

fatigue test specimens. However, compared to the static tensile specimens, longer testing 20 

duration below the UTS promotes the accumulation of damages, therefore, more delamination 21 

can be found between two layers and significantly more fiber pull-out can be found in the 22 

surface 0° layers.  23 
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(a) 

 
(b) 

Fig. 16 Observation on fracture surfaces of the specimens after two types of fatigue tests: 1 

 (a) QI laminates; (b) cross-ply laminates 2 

4.2 Determination of S-N curves 3 

Based on the study of two cases, it can be found that the S-N curves corresponding to ��� =4 

10� cycles are lower than the traditional fatigue test results for both MD CFRP laminates, 5 
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while the curves corresponding to ��� = 10� cycles lie within the 95% confidence interval. 1 

The fatigue life (number of cycles) corresponding to the fatigue limit determined by the 2 

graphic methods based on thermographic data cannot be defined in the Luong and Risitano’s 3 

methods [28][25]. In the engineering design processes, 10�  to 10�  cycles are usually 4 

considered as conventional fatigue life for most materials [59]. In the literature, almost all the 5 

validations of these methods are carried out by comparing the fatigue limits obtained by 6 
traditional fatigue tests between ��� = 10�  and 107 cycles whatever the materials tested. 7 

Therefore, in the step 3, the failure threshold stiffness was calculated when ��� = 10� and 8 

10� cycles. The results of two MD CFRP laminates imply that the S-N curves corresponding 9 
to ��� = 10� cycles are relatively more conservative, while those corresponding to ��� = 10� 10 

cycles match well with the traditional fatigue test results.  11 

Even though both Huang’s model and the modified model allow to determine the fatigue life 12 

in a short time, it is obvious that the S-N curves determined by the modified model are more 13 

reliable compared to Huang’s model. For example, for the QI laminates, when the maximum 14 

stress is 75% UTS, the corresponding fatigue life determined by traditional S-N curve is 15 
942275 cycles. The fatigue life corresponding to ��� = 10� and 10� cycles determined by 16 

Huang’s model are 14421 and 144211 cycles, respectively, while those determined by the 17 

modified model are 61317 and 613192 cycles, respectively. However, it should be noted that 18 

the modified model was only verified by two kinds of MD CFRP laminates in this work. It is 19 

certain that more experimental data (other types of MD stacking sequences, composite 20 

materials, under other fatigue modes, etc.) are necessary to demonstrate the applicability of 21 

modified model to all kinds of MD laminates and also, to clarify the physical damage related 22 

to the parameter r. 23 

5 Conclusions 24 

In this work, the fatigue life prediction model proposed by Huang et al. [44] has been 25 

modified. A new parameter r is introduced into original expression of normalized stiffness to 26 

take the more complex damage mechanisms in the MD CFRP laminates into account. In 27 

addition, the stabilized temperature rise is normalized by the maximum value reached for the 28 

ease of comparison between different specimens. In order to validate this modified model, the 29 

experimental data of two different types of MD CFRP laminates, cross-ply and QI laminates, 30 

were used in the present work. Through the work of this study, the following conclusions can 31 

be drawn: 32 

a) In the static tensile tests, QI laminates failed in a combination of transversal fiber-matrix 33 

debonding in 90° and ±45° layers, fiber fracture in ±45° and 0° layers and fiber 34 

pull-out in the surface 0° layers. While in the cross-ply laminates, the failure mode is 35 

characterized by a mixture of fiber fracture in the 0° layers along with transversal 36 

fiber/matrix debonding in the 90° layers. 37 

b) There is a little difference in fracture surfaces between the traditional fatigue test 38 

specimens and those who have been subjected to step-loading procedure using IRT. The 39 

fracture surfaces of fatigue test specimens look similar to those of static test specimens 40 

except that the fiber fracture in the interior -45° layers was not observed in the fatigue 41 

test specimens. 42 

c) The results have shown that the modified model proposed in this study allows to 43 
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determine correctly the S-N curves of QI and cross-ply CFRP laminates tested. In 1 
particular, although their S-N curves corresponding to ��� = 10�  cycles are shown 2 

conservative compared to those from the traditional fatigue test results, the maximum 3 

safety factor is no more than 1.15 for the two tested materials. Whereas the S-N curves 4 
corresponding to ��� = 10�  cycles lie totally within the 95% confidence intervals of 5 

traditional fatigue test results. 6 

d) The modified model proposed in this study is more general than Huang’s model. It allows 7 

to determine the S-N curve of a multidirectional composite just in about ten hours of 8 

testing machine time instead of one month and a half by using traditional fatigue tests.  9 

e) Even though the modified model proposed in this paper need to be confirmed by much 10 

more experimental data (other types of MD stacking sequences, composite materials, 11 

under other fatigue modes, etc.), it has proven to be a reliable and promising way to 12 

determine rapidly the fatigue life of QI and cross-ply CFRP laminates and it should have 13 

a larger application scope. 14 
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