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Los materiales compuestos presentan una resistencia a fatiga excepcional con respecto a los materiales 
tradicionales. Sin embargo, predecir el daño acumulado y la resistencia residual de una estructura 
sometida a fatiga es una tarea compleja debido a la variedad de mecanismos de fallo presentes. 

El objetivo principal de este trabajo es definir un modelo capaz de predecir la pérdida de rigidez y la 
reducción de resistencia en un laminado CFRP unidireccional bajo cargas cíclicas en dirección de la 
fibra. El ajuste de estas funciones (función de integridad o pérdida de rigidez y de resistencia residual) se 
realiza mediante una campaña experimental con probetas estándar de tracción. 

Para reducir el coste experimental en el ajuste de estas funciones, se propone utilizar el principio de 
equivalencia de deformaciones en el que se asume que la deformación última del material es 
independiente del daño distribuido producido a fatiga. Si esta hipótesis es válida, el ajuste del modelo se 
simplifica muchísimo ya que no es necesario determinar la ley de evolución de la resistencia residual. 
Ésta es especialmente difícil de obtener ya que es necesario destruir la probeta para determinar un punto 
de la función. Al contrario, la función de integridad puede ser monitorizada durante el ensayo. 

Como consecuencia de esta hipótesis, se puede derivar la evolución de la resistencia residual mediante 
la evolución de la rigidez, o su versión integrada, la curva S-N. Para verificar la precisión del modelo, los 
resultados experimentales se comparan con las curvas S-N derivadas. 
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Fibre-reinforced composite materials can withstand large number of loading cycles compared to 
traditional materials. However, predicting the damage progress and strength loss in a composite structure
due to fatigue is difficult because of the complex interaction of different failure mechanisms. 

This work investigates the decrease in the stiffness and strength in a high-performance undirectional 
CFRP laminate subjected to on-axis fatigue loads. A stiffness-based phenomenological model is 
proposed in order to evalute the damage growth due to fatigue through the longitudinal stiffness 
degradation.  

Assuming that the laminate ultimate strain is independent of the distributed damage caused by fatigue, 
the residual strength model can be deduced, or its integral form, the S-N curve. Thanks to this 
assumption, the residual stiffness model is related to the residual strength model, and thus it has reduced
the experimental characterization of phenomenlogical-based approaches. The accuracy of the model is 
verified by comparing the experimental data against the derived S-N curves. 
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 Introduction 
Fatigue refers to the degradation of a material caused by 
repeatedly applied loadings. The loading levels that cause 
such damage may be much less than the material ultimate 
strength. Fatigue is widely studied in metals, mainly because 
metals fail in a brittle manner when they are subjected to cyclic 
loadings. The main damage process involved is the nucleation 
of a single dominant crack which eventually propagates until 
catastrophic failure. In composite materials, fatigue induces 
distributed damage before localizing a macro crack. This 
widespread damage is accompanied by stress redistribution 
involving a large amount of energy dissipation [1]. 

There are different life prediction methodologies for composite 
structures [2], from the traditional fatigue life models based on 
S-N curves, to more advanced phenomenological models 
based on residual stiffness and residual strength. The latter 
ones can also be referred to mechanistic damage models 
when they consider a variable with physical meaning 
(delamination growth or crack density) to define the damage 
evolution functions.  

This work presents a stiffness-based phenomenological model, 
which is coupled with a residual strength model, and therefore 
is capable of predicting the life span and the damage 
accumulation of UD carbon/epoxy laminates under on-axis 
tension-tension fatigue loads.  

 Experimental work 
The material investigated in this study is a high performance, 
intermediate modulus, carbon/epoxy tape. The laminate 
consists of six UD plies of 0.184 mm thickness. The panel was 
manufactured under standard aeronautic conditions. C-scan 
inspection did not reveal any significant flaw. The specimen is 
15mm wide and 250 mm long. GFRP tabs of 60 mm length 
were used to avoid gripping problems. The mechanical and 
strength static properties were obtained following the ASTM 
standard 퐸 = 160.8 퐺푃푎, 휈 = 0.34 and 푋 = 3050 푀푃푎. 

Different load cases were applied to characterize the fatigue 
properties of the material, from 50% to 87.5% of the ultimate 
static strength, and also for different stress ratios R. 

 Test methodology 
All tests were performed on a 250 KN servo-hydraulic test 
machine MTS810. The proposed methodology follows 
procedure A of ASTM D3479 [3] and also the works from 
Brunbauer et al. [4], [5].  The test starts with a displacement-
controlled quasi-static test to measure the initial stiffness of the 
unfatigued specimen 퐸 . Then, a load-controlled fatigue test is 
performed within a selected number of cycles, and then the 
stiffness is measured again quasi-statically. It should be noted 
that the maximum displacement applied to measure the 
stiffness must not exceed the peak displacement measured in 
the fatigue test. This procedure is repeated until fatigue failure 
occurs or the test is stopped at 2 million cycles. 

The measure of the strain after some loading cycles becomes 
difficult to perform due to the surface damage that appear in 
most specimens. In this regard, Digital Image Correlation (DIC) 

has been proved to be a proper strain measure technique at 
the specimen edge surface where less damage seemed to 
occur.  

 Phenomenological model 
The effect of fatigue damage is accounted in two different 
manners. First, it is considered that this distributed damage 
caused by repeated loading reduces the longitudinal stiffness 
of the ply. On the other hand, fatigue damage also weakens 
the material static strength. Within this context, two functions 
must be postulated; the first one describes the loss of the 
stiffness [6] and the second describes the loss of strength [7].  

 Fatigue damage function 
The uniaxial response for a UD ply can be expressed as 휎 =
(1 − 푑)퐸 휀, or Σ = (1 − 푑)Φ in dimensionless form, where Σ =
휎/푋  is the normalized stress and Φ = 휀퐸 /푋  is the 
normalized strain. The damage variable 푑 is a measure of the 
stiffness loss as 푑 = 1 − 퐸 /퐸 . 

It is assumed that static tensile loading does not degrade the 
longitudinal material properties prior to failure. Thereby, the 
material fails statically when Σ = Φ = 1. However, when a load 
is repeated for enough cycles the material degrades as 
follows: 

= ( )  

· ·
      (1) 

where d is the damage variable, Σmax is the normalized peak 
stress, c1-c4 are material fitting parameters. K is another 
measure for the stress ratio as: 

퐾 = = ( )
( )

=        (2) 

where σmax, σmin, σm, σa  are the maximum, minimum, mean and 
amplitude stress, respectively. 

Therefore, equation (1) describes the evolution of the 
longitudinal stiffness with respect to the number cycles for 
stress ratios in the range of tensile cyclic stresses (K>1). This 
expression can be explicitly integrated for a constant-amplitude 
load as: 

푑 = 1 − (1 − 푑 ) −     (3) 

where d0 is the current damage state before applying a certain 
cycle jump ∆N for a prescribed cyclic load (Σmax and K). 

 Residual strength function 
Residual strength models define the reduction of the static 
strength with respect to the loading cycles due to fatigue 
damage [7]. To characterize this strength reduction or residual 
strength in detail means breaking specimens at different 
fractions of life and at different stress levels, resulting in an 
expensive material property to obtain. However, a common 
assumption adopted in the literature is to consider that the 
ultimate strain is independent of fatigue damage [8]–[10].  

If this assumption is valid, the material is expected to fail when 
Φ≤1, or i.e., Σ≤1-d. Consequently, this assumption provides 
that the evolution of the strength is of the same magnitude as 



J. Llobet et al./ Materiales Compuestos vol 2, nº 4 123 

 

 

the change of the stiffness 1-d. Obviously, the use of this 
hypothesis reduces the experimental characterization of 
phenomenological strength-based approaches.  

The integral form of the residual strength function is well-
known as S-N curve. The S-N curve estimates the number of 
cycles-to-failure under a constant-amplitude load test. 
Accordingly, the SN-curve is derived from equation (3) 
imposing the failure condition Σmax = 1-d  as: 

Δ푁 = ((1 − 푑 ) − Σ )    (4) 

 Results 
Figure 1 shows the fitted functions and the experimental data 
obtained for different stress levels and constant stress ratio K. 
The red crosses illustrate the assumed failure point for each 
test d=1- Σmax. For stress levels Σmax<0.5, the stiffness loss 
seems to be negligible up to 2 million cycles. Nevertheless, 
many specimens failed in the tabbed section for stress levels 
Σmax>0.75. These premature failures lead to an 
underestimation of fatigue life which should be interpreted 
carefully. Figure 2 depicts how fatigue life increases with the 
increase in the stress ratio K when the peak stress is kept 
constant. The best least square fitting for equation (3) is: 
c1=750, c2=22, c3=16 and c4=4. 

 
Figure 1. Damage function vs. loading cycles for different stress levels 

and constant stress ratio K=1.22. 

 

 

Figure 2. Damage function vs. loading cycles for different stress ratios 
K and constant stress Σmax. 

The assumption of a constant ultimate strain is appropriately 
validated in Figure 3. After some of the performed fatigue 
tests, the specimens were tested quasi-statically until failure 
and the ultimate strain was measured. If this residual strain is 
within the scatter of the ultimate static strain (red crosses), the 
hypothesis is admissible.  

 
Figure 3. Normalized ultimate strain Φ vs. damage d for different 

fatigue tests. 

Finally, the experimental fatigue lives and the life predictions 
are compared in Figure 4.  

 
Figure 4. Experimental data vs. derived S-N curves. 

 Conclusions 
An experimental characterization to study the residual stiffness 
and strength has been carried out in a UD carbon/epoxy 
laminate under on-axis T-T loads. 

The excellent response of this particular material under fatigue 
and the application of relatively high stress levels to degrade 
the material, resulted in fatigue failures underneath the tabbed 
section. This is one important implication when testing fiber-
dominated UD laminates under cyclic loadings [11]–[14]. 
Under these circumstances, the fatigue life computed in the 
experiments can be underestimated. 
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Phenomenological stiffness/strength based models present the 
inconvenience in determining the damage and residual 
strength functions with large experimental characterization 
programs. However, the assumption of a constant ultimate 
strain provides a relationship between the damage function 
and the residual strength function, which implies that the 
evolution of both properties is of the same magnitude. In this 
regard, the stiffness is a potential parameter to study the 
fatigue damage and can be measured continuously throughout 
the test. 

The stiffness loss curve has been obtained for different cyclic 
loads. This curve shows two clear stages, a first linear stage 
that corresponds to some fiber breaks and matrix cracks, and 
a second stage where the stiffness drops abruptly. It is 
especially difficult to measure the stiffness loss in the last 
cycles due to the specimen surface damage. The use of DIC 
technique on the specimen edge seems to be a possible 
solution to measure the strain for specimens with severe 
surface damage. 

The damage function defines the longitudinal stiffness loss 
with the number of cycles. This function is fitted by four 
material constants. On the contrary, the residual strength 
model, or its integral form the S-N curve, is derived imposing 
the ultimate strain hypothesis. By means of these two 
functions, a general S-N curve that accounts for different 
stress levels and stress ratios is finally obtained. 

The life predictions were found to be in good agreement with 
the experimental data except for load cases with high stress 
levels where tab failure is unavoidable. 
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