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Early fatigue damage accumulation of CFRP Cross-Ply laminates 
considering size and stress level effects 

Xi Li *, Rinze Benedictus, Dimitrios Zarouchas 
Structural Integrity & Composites Group, Faculty of Aerospace Engineering, Delft University of Technology, Kluyverweg 1, 2629HS, Netherlands   
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A B S T R A C T   

Ply-block size and stress level effect on accumulation of transverse cracks and delamination are investigated 
during early fatigue life of CFRP laminates. Tension-tension fatigue tests under different stress levels were 
performed for two cross-ply configurations. Edge observation with digital cameras, digital image correlation and 
acoustic emission were employed for in-situ damage monitoring. Transverse cracks were dominant for [0/902]s 
laminates with almost non-existent delamination, while different interactive levels between both damage 
mechanisms occurred for [02/904]s laminates. Poisson’s ratio identifies whether early fatigue damage is domi-
nant by transverse cracks or involves delamination. Cumulative AE energy is a helpful indicator of crack density.   

1. Introduction 

Fatigue damage of composite laminates has attracted considerable 
attention from research community and industry, in view that laminated 
structures are inevitable to suffer from fatigue loading during their 
service life [1]. It is rather complicated to understand and explain, what 
governs the initiation, accumulation, interaction (synergy or competi-
tion) of different damage mechanisms [2]. Intrinsic and extrinsic scatter 
sources are hard to eliminate during the fatigue testing of laminates, 
which produce significant dispersion of laboratory data and further 
hinder our understanding about the progressive accumulation process of 
fatigue damage [3]. 

Among mechanical, thermal, acoustic, and optical properties of 
composites which may be affected by the fatigue damage [4–6], stiffness 
becomes one of preferable indicators to reflect damage severity. It is 
relatively easy to measure, and it has been well-correlated to the damage 
accumulation in a variety of load cases [7–10]. Stiffness usually expe-
riences a three-stage degradation in a rapid-slow-rapid way for com-
posites under fatigue loading [11,12]. Shokrieh and Taheri-Behrooz 
[13,14] proposed a progressive fatigue damage model to represent this 
degrading trend of stiffness by assuming that stress redistribution is 
dominated by off-axis plies and on-axis plies controls the failure of the 
laminate. As the first stage (Stage I) shows most of the stiffness reduction 
before the final failure within a short duration period, the corresponding 
damage process accumulated during this early fatigue life should be 
significant, thus is worthy to investigate in depth. 

Considering that the three-stage stiffness degradation is profound for 
cross-ply configurations, some progress has been made in our previous 
work to explore the early fatigue damage accumulation of CFRP [02/ 
904]s laminates [15,16]. We achieved in-situ monitoring of transverse 
matrix cracks and delamination in a relatively large gauge region (~80 
mm length), and investigated the initiation, saturation, and interaction 
of both damage mechanisms. The cross-ply laminates contain a thick 90 
block (1 mm nominal thickness − 8 plies of 0.125 mm), because it is 
easier for the edge observation in a large gauge region. Furthermore, a 
medium stress level (70% of UTS) was applied during the testing that 
guaranteed the early fatigue damage would develop in a trackable and 
measurable way. However, whether the experimental findings from this 
specific case can represent other cross-ply configurations and stress 
levels is not clear yet. Therefore, the aim of present work is to expand the 
knowledge about the early fatigue damage accumulation process of 
cross-ply laminates considering different ply-block thicknesses and 
stress levels. 

The effect of ply thicknesses or ply-block sizes on the mechanical 
properties and damage accumulation of laminates is summarised from 
literature. From thick-ply to thin-ply, laminate quality is improved with 
the suppression of manufacturing defects [17], while in-situ strength of 
cracking plies increases significantly [18]. As a result, transverse 
cracking is delayed, and it may not be able to propagate along the entire 
width of specimens [19]. Hosoi and Kawada [20] observed that fatigue 
life of transverse crack initiation is 30 times longer for [02/906]s lami-
nates than that of [02/9012]s laminates when the same stress level is 
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imposed on laminates. Kötter et al. [21] found that laminates tend to 
show brittle failure with few visible delamination when ply thickness 
decreases to a certain threshold. Overall, thin plies or thin ply-blocks 
inhibit the initiation of both transverse cracks and delamination, 
enhancing the fatigue life of laminates. 

Regarding the stress level effect, Shen et al. [22] compared the 
damage states of [0/904]s specimens with the same transverse crack 
density, and found that more local delamination appears in the speci-
mens under the lower stress level. Samareh-Mousavi and Taheri- 
Behrooz [23] found that the fatigue damage governs the development 
of fatigue mean strain under high stress level while time-dependent 
viscoelastic strain mainly controls the fatigue mean strain under low 
stress level. However, Hosoi et al. [24] concluded that the change of 
fatigue damage behaviour, affected by the applied stress levels, was due 
to the differences of the growth rates of transverse cracks and delami-
nation. The fatigue damage accumulation of laminates under very low 
stress level is less studied considering the expensive time cost and sig-
nificant challenges for the analysis of very high cycle and gigacycle fa-
tigue, as reviewed by Shabani et al. [25]. Hoang et al. [26] proposed 
linear “iso-damage curves” in the semi-logarithmic plane, which 
describe the fatigue life for laminates to reach a constant crack density at 
an arbitrary stress level. 

It is apparent that the above-mentioned exercises increased our un-
derstanding about how the different ply-block/ply sizes and stress levels 
affect the accumulation of matrix cracks and delamination. However, 
some aspects focusing on the early fatigue damage accumulation need to 
be further explored with the help of in-situ damage monitoring tech-
niques [27]. When considering different ply-block sizes and stress levels, 
it is not clear whether only matrix cracks or both matrix cracks and 
delamination would be dominant during the early fatigue life. If the 
accumulation of both damage mechanisms is significant, then the 
interaction between matrix cracks and delamination should be consid-
ered for the analysis of ply-block size and stress level effect, which has 
not been studied yet so far. Besides, it is also meaningful to investigate 
how the evolution of mechanical properties (stiffness and Poisson’s 
ratio) and damage-related parameters from in-situ damage monitoring 
techniques reflect the early fatigue damage accumulation process, which 
may vary with ply-block sizes and stress levels. 

Based on the research aim about investigating the ply-block size and 
stress level effect on the early fatigue damage accumulation, ten-
sion–tension fatigue tests for carbon/epoxy laminates with two different 
cross-ply laminates were carried out in the present work. Three to four 
types of maximum cyclic stresses were applied on each ply configura-
tion. During testing, edge observation using digital cameras, digital 
image correlation (DIC), and acoustic emission (AE) techniques were 
employed to in-situ monitor the damage accumulation process, i.e., the 
formation of transverse cracks and the growth of delamination. After-
wards, both the degradation of mechanical properties and the accu-
mulation of different damage mechanisms were characterised. 

2. Experimental methods 

In this section, the material and manufacturing process of the cross- 
ply specimens, the cyclic load conditions, and the in-situ damage 
monitoring system are introduced in detail. 

2.1. Material and specimens 

Both [02/904]s and [0/902]s ply configurations were used in the 
present work. Unidirectional Prepreg, named Hexply® F6376C-HTS(12 
K)-5–35%, was cut and laminated to panels in 300 × 300 mm size. This 
material contains high tenacity carbon fibres (Tenax®-E-HTS45) and 
tough epoxy matrix (Hexply® 6376). The nominal ply thickness is 0.125 
mm, and fibre volume content is 58%. Laminated panels were then 
cured inside an autoclave according to recommendation from Hexcel 
[28]. After curing, these panels were cut to specimens with 250 × 25 

mm size based on ASTM D3479/D3479M-19 standard [29]. Thick paper 
tabs were glued on both ends of the specimen using cyanoacrylate ad-
hesive. Fig. 1(a) shows the geometries and clamping area of designed 
specimens. The material properties of the UD-Prepreg layer in the cured 
condition can be found in Table 1 [15]. According to the Classical 
Lamination Theory, the longitudinal stiffness of [02/904]s and [0/902]s 
laminates is the same, due to the same ratio of the 0-ply thickness to the 
90-ply thickness. 

2.2. Load conditions 

A 60 kN hydraulic fatigue machine was used to perform ten-
sion–tension fatigue tests at room temperature. A cyclic loading, with 
the sinusoidal wave under load control mode, was applied on the 
clamped specimens. The stress ratio and frequency were fixed at 0.1 and 
5 Hz, respectively. The values of maximum cyclic stresses and the cor-
responding percentage of ultimate tensile strength (UTS) for the two 
types of ply configurations are listed in Table 2. The UTS was measured 
by performing ten quasi-static tests, five for each laminate configura-
tion, with 1 mm/min displacement rate, and it was found that the mean 
value is 723.8 MPa with a standard deviation 9.15 MPa and 800 MPa 
with a standard deviation 9 MPa for the [02/904]s and [0/902]s lami-
nates, respectively. Although sharing the same initial stiffness, UTS is 
slightly higher for the thinner ply configuration. Therefore, it might not 
be proper to compare both ply configurations under the stress level 
which has the same percentage of UTS. Furthermore, the stress of lam-
inates when the first transverse crack occurred, denoted as σ90i , was also 
recorded during the quasi-static tests. The detection of the first trans-
verse crack was achieved by capturing images from the edge view every 
50 ms using the same in-situ damage monitoring system as it is described 
in Section 2.3 for the fatigue tests. It was found to be 509.94 MPa and 
626.43 MPa for the [02/904]s and [0/902]s laminates, accordingly. 
Then, the maximum cyclic stress divided by σ90i , also named as the 
percentage of σ90i for each stress level, can be obtained, as listed in 
Table 2. It reflects how severe the applied stress is on the 90 plies, rather 
than the whole laminate. If the percentage of σ90i is more than one, then 
the first transverse crack initiates at the very first cycle; otherwise, the 
transverse crack initiation delays [30]. Therefore, it would also be 
interesting to compare both laminates under the stress level which has 
the similar percentage of σ90i . 

Two to seven tests were repeated for each stress level. After every 
500 cycles, a tensile unloading-loading ramp was performed in two 
seconds, while cameras were taking images at a certain rate (10 or 20 
frame-per-second), as shown in Fig. 1(b). For [02/904]s laminates, tests 
executed until the stiffness degradation went through the first stage and 
it approached the stable phase of the second stage. As for the [0/902]s 
laminates, tests stopped when the accumulation of transverse cracks 
reached a saturated state. 

2.3. In-situ damage monitoring system 

In the present work, a synergistic data acquisition system was built 
for edge observation, DIC and AE systems, and they were all 
synchronised with the fatigue machine during testing, as shown in Fig. 1 
(c). 

Two 9 Megapixel cameras with 50 mm lens were placed at left and 
right side of the clamped specimen in order to capture the damage 
accumulation at 90 plies and at 0/90 interfaces; the cameras were 
monitoring approximately 80 mm of the specimen’s length. A thin white 
paint was applied to the edges so as to create a significant contrast be-
tween cracked and uncracked region. After testing, a user-defined image 
processing algorithm as described in [31] was used to count the number 
of transverse cracks and measure the length of interlaminar cracks 
(delamination from the edge view). 

Furthermore, a pair of 5 Megapixel cameras with 23 mm lens was 
installed in front of the specimens for full-field deformation 
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measurements. The cameras covered an ~ 80 × 25 mm gauge area, as 
shown in Fig. 1(a). This area was firstly painted with the white base coat, 
where black dots were later printed using a speckle roller with the dot 
size of 0.18 mm. 

Finally, two broadband VS900-M AE sensors with a 100 mm distance 
were clamped at the specimen. Silicon grease was applied at the surface 
of the sensors so as to create a sufficient acoustical coupling. The sensors 
have a diameter of 20.3 mm and a frequency range of 100–900 kHz. The 
AMSY-6 Vallen system was employed for measuring AE activities, where 
the sampling rate and the amplitude threshold were set as 2 MHz and 50 
dB, respectively. Two pre-amplifiers with gain of 34 dB and band-pass 
filter of 20–1200 kHz were used to connect the sensors to the acquisi-
tion system. 

3. Results 

The mechanical properties, and damage accumulation process, in the 
form of transverse cracks and delamination growth, are quantified and 
presented for both ply configurations. 

3.1. Mechanical properties 

3.1.1. Longitudinal stiffness 
During fatigue loading, the longitudinal stiffness is obtained by the 

slope of stress–strain relation for each tensile loading ramp (see Fig. 1 
(b)). Here, the strain is the average of axial strain at the gauge region of 
the exterior 0 ply from DIC. Fig. 2 and Fig. 3 show the degradation of 
normalised longitudinal stiffness EN/E0 as a function of fatigue cycles for 
both ply configurations, where E0 is the initial stiffness and EN is the 
stiffness at the Nth cycle. 

A significant scatter was found for the stiffness degradation of the 
[02/904]s laminates as presented in Fig. 2, where specimens can be 
classified into two groups. The classification is based on two 

Fig. 1. Specimen dimensions, gauge region and clamping area (a), Loading profile (b) and test set-ups (c) of fatigue tests.  

Table 1 
Material properties of the unidirectional lamina [15]. (T - tension; C - 
compression).  

Material properties Values 

Longitudinal modulus E11T = 142 GPa 
Transverse modulus E22T = E33T = 9.1 GPa 
In-plane shear modulus G12 = G13 = 5.2 GPa 
Transverse shear modulus G23 = 3.5 GPa 
Longitudinal strength XT = 2274 MPa, XC = 1849 MPa 
Transverse strength YT = 102 MPa, YC = 255 MPa 
In-plane shear strength S12 = S13 = 63 MPa 
Transverse shear strength S23 = 35 MPa 
In-plane Poisson ratio ν 12 = ν 13 = 0.27 
Transverse Poisson ratio ν 23 = 0.30  

Table 2 
Maximum cyclic stress levels and number of specimens for the fatigue tests. (UTS 
- ultimate tensile strength; σ90i - the stress of the first crack initiation).  

Stacking sequence [02/904]s  [0/902]s 

Maximum cyclic stress 
(MPa) 

533 507 480 453  613 560 507 

Percentage of UTS (%) 74 70 66 63  77 70 63 
Percentage of σ90i (%) 105 99 94 89  98 89 81 
Number of specimens 3 7 6 4  2 2 2  
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Fig. 2. Normalised longitudinal stiffness versus number of cycles for [02/904]s laminates.  

Fig. 3. Normalised longitudinal stiffness versus number of cycles for [0/902]s laminates.  
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observations: the decreasing rate of EN/E0 - N for specimens at Group 1 is 
about 1.5 to 2.0 times faster than those at Group 2 when the normalised 
stiffness degrades from 0.98 to 0.92; The Group 2 specimens need 
significantly more fatigue cycles, e.g. 26% − 74%, to reach the plateau 
of EN/E0 in comparison to Group 1 specimens. The differences about the 
stiffness degradation between both groups are due to the manufacturing 
inhomogeneity which produces two levels of fatigue resistance among 
specimens. This further affects the growth rate of early fatigue damage, 
as later presented in Section 3.2. As the stress level decreases, the dif-
ference of degrading rates between two groups is increasingly signifi-
cant, which means that the manufacturing inhomogeneity is magnified 
under low stress level. Until the stiffness reaches the platform, the loss of 
stiffness in the early fatigue life is about 8–12% of initial stiffness, no 
matter which stress level is applied. 

For [0/902]s laminates, it seems that they experience a bi-linear 
decrease of stiffness in a rapid-slow manner, as visual in Fig. 3. The 
stiffness degradation hardly reaches a constant state like [02/904]s 
laminates. Besides, as thin plies restrain the manufacturing defects, the 
stiffness degradation trends are similar between specimens for a certain 
stress level. Around 6–10% reduction of stiffness is exhibited in the end 
of tests, close to the range for [02/904]s laminates. 

3.1.2. Poisson’s ratio 
For an example of the [02/904]s specimen, Fig. 4 shows that both the 

axial strain εxx and transverse strain εyy vary within the DIC measure-
ment region between two AE sensors. Therefore, to obtain Poisson’s 
ratio ν based on the DIC analysis, the mean value of axial strain εxx and 
the mean value of transverse strain εyy at the gauge region are firstly 

extracted, and then ν is calculated as − εyy
εxx

. 
Fig. 5 and Fig. 6 present the evolution of Poisson’s ratio as a function 

of fatigue cycles for both ply configurations. For most of specimens with 
thick 90 plies, Poisson’s ratio significantly increases as a function of 
fatigue cycles, as shown in Fig. 5. Our previous work [15] has explained 

that this phenomenon is due to the increase of absolute transverse strain 
caused by the Poisson contraction at delaminated region, as also re-
ported by Oz et al. [32]. For each group of [02/904]s specimens, a 
scattering evolution of Poisson’s ratio is presented under all stress levels. 
This phenomenon indicates the accumulation of delamination varies 
among specimens which share a similar trend of stiffness degradation. 

Unlike [02/904]s laminates, specimens with thin 90 plies show the 
opposite (see Fig. 6). The absolute values of transverse strains at the 
0 plies decrease with the increase of fatigue cycles. In view that this 
decrease is negligible, transverse strains can be regarded as constant 
during the fatigue tests. Thus, it is mainly the increase of the axial strain 
causes the decrease of Poisson’s ratio as fatigue cycles increase. It can 
also be inferred that no significant delamination grew at the interface 
between 0 and 90 plies for the [0/902]s laminates. 

As a result, transverse cracks govern the decrease of Poisson’s ratio 
for the [0/902]s laminates, while the increase of Poisson’s ratio for the 
[02/904]s laminates is attributed to delamination. From this point of 
view, Poisson’s ratio could be considered to identify whether the early 
fatigue damage of a cross-ply laminate is dominant by transverse cracks 
or involves delamination. 

3.2. Damage accumulation process 

3.2.1. Transverse cracks 
For both ply configurations, most of transverse cracks propagated 

through the width direction within 500 cycles. As observed by digital 
cameras, the number of transverse cracks and their location at 90 plies 
were almost the same for both left and right sides after every 500 cycles. 
Besides, when a transverse crack forms at inner 90 plies, the axial strain 
concentration, across the entire width of the laminate, is induced at the 
related position of the exterior 0 ply. For the examples of both ply 
configurations tested under 70% of UTS, Fig. 7 presents the distribution 
of axial strain concentrations within the gauge region at four different 

Fig. 4. The axial and transverse strain distribution at the gauge region for one of [02/904]s laminates at the 8500th cycle.  
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Fig. 5. The change of Poisson’s ratio at the exterior 0 ply as a function of number of cycles for [02/904]s laminates.  

Fig. 6. The change of Poisson’s ratio at the exterior 0 ply as a function of number of cycles for [0/902]s laminates.  
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moments. Red arrows mark the location of new cracks generated at 
certain fatigue cycles. 

A good correlation can be observed between the location of new 
cracks at 90 plies and newly formed concentration of the axial strain at 
the 0 ply. When the new crack closes to neighbouring cracks, an 
expansion of the original axial strain concentration can be observed at 
the related local region; otherwise, an extra axial strain concentration is 
formed at the gauge region. 

The evolution of crack density ρ at 90 plies is obtained as a function 
of fatigue cycles for both ply configurations, as shown in Fig. 8 and Fig. 9 
(see scatter plots). ρ is calculated as the average of number of transverse 
cracks counted from both left and right sides, which is then divided by 
the gauge length (~80 mm). 

For [02/904]s laminates, the evolution of crack density scatters 
among specimens with a similar stiffness degradation trend. A linear 
increase of crack density can be observed at the very early fatigue life. 
Once reaching a certain threshold, which differs among specimens, a 
gradual decrease of the growth rate is observed, till the occurrence of 
characteristic damage state (CDS, also known as saturation of transverse 
cracks). However, transverse cracks saturate at the density ranging from 

~ 0.2 to ~ 0.4 mm− 1 for each group of specimens, regardless of stress 
levels, as also reported by Pakdel and Mohammadi [33]. In addition, a 
negative correlation between saturated crack density and fatigue cycles 
to reach CDS is found for each stress level. Specimens which spend more 
time to reach CDS have a lower saturated crack density, and vice versa. 
These similarities indicate that the characteristic damage state is inde-
pendent of stress levels for [02/904]s laminates. 

Different from [02/904]s laminates, Fig. 9 presents bi-linear growing 
trends of crack density for [0/902]s laminates. When the crack density 
reaches around 0.8 mm− 1, crack evolution changes from the first linear 
part to the second one which accompanies with a very slow growing 
rate. Consequently, a constant crack density is hard to achieve as fatigue 
cycles increase. Therefore, the saturation of transverse cracks (or CDS) 
here is defined as the moment when the crack density approaches to 1 
mm− 1. The saturated crack density is approximately 2–5 times larger 
than that of [02/904]s laminates. Carraro et al. [34] and Pakdel and 
Mohammadi [33] also found that the crack density at the saturated state 
is higher for cross-ply laminates with thinner 90 plies. As stress relaxa-
tion around a transverse crack is narrower for thinner cracking plies 
[22,35], more high-stress region exists at the cracking plies to support 

Fig. 7. Evolution of axial strain distribution at the gauge region as fatigue cycles increases for the [02/904]s laminate and the [0/902]s laminate.(εxx - axial strain).  
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the transverse crack initiation. In addition, local delamination is easier 
to emerge for thicker cracking plies, as the energy release rate to drive 
the delamination propagation at a transverse crack tip is lower [34]. 
This fact further widens the region of stress relaxation and restrains the 
transverse crack initiation at thick plies. Therefore, [0/902]s laminates 
present higher chances to form transverse cracks with a larger number 
presented at the saturated state, in comparison with [02/904]s 
laminates. 

As AE activity was recorded during the fatigue tests, it would be 
interesting to explore AE features related to transverse cracks. Literature 
[36–38] has showed that cumulative AE hits, counts and energy with the 
increase of number of cycles could signify different stages of damage 
accumulation under fatigue loading. In view that AE energy has showed 
the potentials to predict accumulation of transverse cracks under static 
tensile loading [31,39], the relation between AE energy and crack 
density is further explored here for fatigue loading. A localisation 

Fig. 8. The evolution of crack density (scatter plots) and cumulative AE energy (line plots) as a function of fatigue cycles for two groups of [02/904]s laminates.  
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algorithm is firstly applied to filter out AE signals which are out of the 
gauge region. Then, cumulative energy UAE of recorded AE signals is 
calculated as a function of fatigue cycles, as shown in Fig. 8 and Fig. 9 
(see line plots). Here, the AE energy of each signal is defined as the area 
under the squared signal envelope [27]. As observed, the growing trends 
of cumulative AE energy are well correlated to those of crack density, 

especially the sudden jumps. This indicates that transverse cracks are the 
main damage source to produce AE signals carrying high released en-
ergy for two types of cross-ply laminates. 

Furthermore, a linear relation between crack density and cumulative 
AE energy until the saturation of transverse cracks is presented in Fig. 10 
and Fig. 11. The slop of UAE-ρ curves for [02/904]s laminates is about 

Fig. 9. The evolution of crack density (scatter plots) and cumulative AE energy (line plots) as a function of fatigue cycles for [0/902]s laminates.  

Fig. 10. The linear relation between crack density and cumulative AE energy for [02/904]s laminates under different stress levels.  
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twice of that for [0/902]s laminates. This phenomenon implies that the 
released energy from a transverse crack at thick 90 plies is higher than 
that at thin 90 plies for the same material system, as the crack surface is 
different for both types of laminates. Overall, cumulative AE energy can 
be regarded as an indicator of crack density for cross-ply laminates. 

3.2.2. Delamination 
During the fatigue loading, delamination is significant for most of 

[02/904]s laminates, while almost no delamination is found for [0/902]s 
laminates as the thin 90 block inhibits the growth of delamination [21]. 
Because transverse cracks and delamination coexist and complex the 
accumulation of early fatigue damage, it is necessary to quantify the 
evolution of delamination for the [02/904]s laminates. 

From the edge view, we observed that interlaminar cracks initiated 
from transverse crack tips and propagated at 0/90 interfaces along the 
length direction. Interlaminar crack ratio, obtained as the ratio of 
interlaminar crack length to the gauge length, is used to quantify the 
delamination propagation along edges. Fig. 12(a) plots the evolution of 
interlaminar crack ratio as a function of fatigue cycles for different stress 
levels. Considering the quantification of delamination growth towards 
the width direction, our previous work [15,16] has showed a correlation 
among Poisson’s ratio, area of transverse strain concentration at the 
exterior 0 ply and delamination area. With the increase of delamination 
area, more 90 plies are separate from 0 plies. As a result, 0 plies become 
flexible and perform significant Poisson effect, and transverse strain 
concentration at the exterior 0 ply is created at delaminated region. 
Based on these findings, the evolution of normalised delamination area 
as a function of fatigue cycles can be obtained, as presented in Fig. 12(b). 
Here, normalised delamination area is the area of transverse strain 
concentration at the exterior 0 ply divided by the gauge area. 

The increase of interlaminar crack ratio experiences a slow-rapid- 
slow process, while normalised delamination area seems to increase 
linearly with the applied fatigue cycles. When the stiffness degradation 
approaches the second stage, the gauge region is almost fully 

delaminated along edges; however, delamination propagates less than 
the half of the area of the gauge region for most specimens, as observed 
in Fig. 12. Besides, most of transverse strain concentrations locate near 
edges, further indicating that delamination propagated faster along the 
edges than though the width. Like the accumulation of transverse cracks, 
delamination propagation during the early fatigue life scatters among 
each group of specimens, indicating the existence of different levels of 
interaction between both damage mechanisms for the [02/904]s 
laminates. 

4. Discussions 

In this section, the effect of ply-block sizes and stress levels on the 
accumulation of early fatigue damage are further explored based on the 
degradation of material properties as well as accumulation of transverse 
cracks and delamination. 

4.1. Size effect on early fatigue damage accumulation 

During the early fatigue life, both types of cross-ply laminates 
experience the accumulation and saturation of transverse cracks. The 
growing trend of crack density initiates from a linear increase followed 
by a decrease of the growth rate. For [02/904]s laminates, the decrease of 
growth rate is mainly due to the propagation of delamination which 
restrains the initiation of new cracks. As for [0/902]s laminates, the 
severe interaction between new and prior cracks could be presented 
from the moment with a large crack density. This is because higher 
chances are provided that new cracks will initiate near prior cracks, 
where the stress of 90 plies is redistributed and it is lower than the 
applied maximum stress on 90 plies [40,41]. As a result, more fatigue 
cycles are needed for the initiation of a new crack, thus a decrease of the 
growth rate is caused after crack density reaches around 0.8 mm− 1 (see 
Fig. 9). 

As different stress levels were involved during the fatigue tests, 

Fig. 11. The linear relation between crack density and cumulative AE energy for [0/902]s laminates under different stress levels.  
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Fig. 13 compares the evolution of crack density as a function of fatigue 
cycles under the same stress levels. Here, two different ways, as intro-
duced in Section 2.2., are used to calculate the stress level: one refers to 
the whole laminate and the other refers to the 90 plies. Crack density of 
each specimen is normalised by its saturated crack density. When the 
stress level for the whole laminates is the same, a slow accumulation of 
transverse cracks is presented for [0/902]s laminates (see Fig. 13 (a) and 
(b)). Besides, the consumed fatigue cycles to reach the saturation of 
transverse cracks is about five times longer than that of [02/904]s lam-
inates. As listed in Table 2, under the stress level at either 70% or 63% of 
UTS, the corresponding stress level for 90 plies of [0/902]s laminates is 
9–10% lower than that of [02/904]s laminates, thus increasing their 
resistance to the initiation of transverse cracks. When the comparison 
about the evolution of normalised crack density is under a similar stress 
level for 90 plies, a new insight can be provided to bridge the evolution 
of transverse cracks for both cross-ply laminates; it is the stress level for 
90 plies that mainly controls how fast the saturation of transverse cracks 
occurs. As presented in Fig. 13 (c) and (d), the growing rate of nor-
malised crack density for [0/902]s laminates is close to that of [02/904]s 
laminates in the Group 1. In particular, the first linear increase of nor-
malised crack density with the increase of fatigue cycles is almost the 
same for both ply configurations. 

As the initial stiffness is the same for both cross-ply laminates, how 
transverse cracks affect stiffness for each type of laminates is further 
investigated. Fig. 14 presents the decrease of normalised longitudinal 
stiffness as crack density increases. For [02/904]s laminates, a linear 
relation between crack density and degraded stiffness is presented at the 
beginning of crack accumulation. When crack density reaches a certain 

threshold, which differs from specimen to specimen, the deceasing rate 
of stiffness suddenly increases and becomes more and more aggressive 
for the remaining fatigue cycles. This is because another damage 
mechanism, delamination, starts to play a role in degrading the stiffness. 
However, for [0/902]s laminates, the degrading trend of stiffness re-
mains linear during the entire process of transverse crack accumulation. 
This phenomenon further indicates that no significant delamination 
grew at the 0/90 interfaces during the early fatigue life to degrade 
stiffness. By fitting the linear parts of plots in Fig. 14, it is observed that 
the decrease of stiffness caused by transverse cracks shows a slow rate 
for [0/902]s laminates, which is about half of that for [02/904]s lami-
nates. This difference is because that area of a transverse crack surface 
for [0/902]s laminates is smaller that of [02/904]s laminates [42]. 

4.2. Stress level effect on early fatigue damage accumulation 

The effect of stress levels on the early fatigue damage accumulation 
is reflected on the growth rates of damage mechanisms, in accordance 
with the conclusion from Hosoi et al. [24]. The higher the stress level is, 
the faster the growth rates of crack evolution and delamination propa-
gation present. Except this, early fatigue damage accumulation is similar 
among different stress levels. As presented in Fig. 14, for both cross-ply 
laminates, the normalised longitudinal stiffness degraded by transverse 
cracks shows a similar decreasing trend with the increase of crack 
density, irrespective of applied stress levels. In particular, the nonlinear 
decease of EN/E0 plotted in Fig. 14(a), due to the coexistence of trans-
verse cracks and delamination, is also similar among specimens with a 
similar saturated crack density. 

Fig. 12. The evolution of interlaminar crack ratio (a) and normalised delamination area (b) as a function of fatigue cycles. (G1-Group 1; G2-Group 2).  
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For [02/904]s laminates, the similarity of the interaction between 
transverse cracks and delamination is also analysed with different stress 
levels involved. Fig. 15 shows the propagation of delamination along 
edges and inside specimens as crack density increases. Based on the 
saturated crack density ρs, specimens with ρs = 0.21 ± 0.01, 0.26 ±
0.01, 0.3 ± 0.01 and 0.34 ± 0.01 mm− 1 are classified into four groups 
for all stress levels. A faster increase of interlaminar crack ratio and 
normalised delamination area can be observed for specimens with lower 

saturated crack density, leading to larger delamination propagation 
along edges and inside specimens at the characteristic damage state. 
These phenomena indicate saturated crack density can reflect the 
severity of interaction between delamination and transverse cracks 
regardless of stress levels. The lower the saturated crack density is, the 
severer the interaction among both damage mechanisms exists for [02/ 
904]s laminates. 

Besides, the competitive relation between delamination propagation 

Fig. 13. Comparison about the increase of normalised crack density as a function of fatigue cycles for both ply configurations: (a) stress level at the 70% of UTS; (b) 
stress level at the 63% of UTS; (c) stress level at 98–99% of σ90i ; (d) stress level at 89% of σ90i . (G1-Group 1; G2-Group 2). 

Fig. 14. Crack density versus normalised longitudinal stiffness for [02/904]s (a) and [0/902]s (b) laminates. (G1-Group 1; G2-Group 2).  
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and crack evolution is also presented in Fig. 15. To explore why the 
accumulation of these two damage mechanisms restrains each other, the 
spatial distribution of transverse cracks along edges, and the delami-
nation within the gauge region are checked at the characteristic damage 
state and at the end of stage I of stiffness degradation. For an example, 
considering one of specimens tested under the stress level of 70% UTS, 
the position of transverse cracks is marked along the 80 mm gauge 
length, as shown in Fig. 16(a). In addition, the transverse strain con-
centration obtained from DIC is also presented, where the red means no 
delamination and the rest means delaminated region. As observed, 
delamination is prone to initiate and propagate at the local region with a 
large crack spacing. Further, the gauge region of specimens tested under 
all stress levels is evenly divided into four parts with 20 mm length. 
Then, the local crack density ρL and local normalised delamination area 
AdL at the end of Stage I are quantified and summarised in Fig. 16(b), 
where AdL is the mean value among all specimens. It is obvious that the 
relation between AdL and ρL is nonlinear and the delaminated region is 
less than 10% when the local crack density is higher than 0.3 mm− 1. 

5. Conclusions 

Both the degradation of mechanical properties and accumulation of 
early fatigue damage for the [02/904]s and [0/902]s carbon/epoxy 
laminates were monitored and analysed under different stress levels. 
The main conclusions of the present study are summarised here.  

1) For [02/904]s laminates, different levels of interaction between 
transverse cracks and delamination exist among specimens; the 
specimen with a lower saturated crack density presents severer 
interaction between both damage mechanisms. As for [0/902]s 
laminates, transverse cracks are the dominant damage mechanism. 

2) An increase of Poisson’s ratio during the early fatigue life is pre-
sented for [02/904]s laminates due to the growth of delamination, 
while [0/902]s laminates show the exact opposite trend caused by 
the accumulation of transverse cracks. This difference means that 
Poisson’s ratio could be considered to identify whether the early 
fatigue damage is dominant by transverse cracks or involves 
delamination. 

Fig. 15. The increase of interlaminar crack ratio (a) and normalised delamination ratio (b) with the increase of crack density for [02/904]s laminates. (ρs - saturated 
crack density). 

Fig. 16. Spatial distributions of transverse cracks and delamination at the characteristic CDS and end of Stage I of stiffness degradation for one of [02/904]s 
specimens tested under the stress level of 70% UTS (a); local normalised delamination area versus local crack density at the end of Stage I for [02/904]s laminates 
tested under all stress levels (b). (εyy - transverse strain). 
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3) Cumulative AE energy is well correlated to crack density with the 
increase of fatigue cycles for both ply configurations, showing its 
potential as an indicator of crack density.  

4) The effect of stress levels on the early fatigue damage accumulation 
is reflected on the growth rates of transverse cracks and 
delamination. 
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