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ABSTRACT 

In order to investigate the damage tolerance of composite fibre-metal laminates (GLARE®) to impact and 
post-impact fatigue loading, series of impact and fatigue tests were carried out on three types of laminates. 
Damage in GLARE® laminates due to impact loading as well as damage propagation in fatigue were 
monitored and analysed. Potential strength reduction due to accumulated damage was also investigated. 

In general, GLARE® laminates showed excellent resistance to dynamic impact and fatigue loading. Impact 
induced delaminations did not show any increase under cyclic loading; whereas the fatigue growth of 
cracks was controlled by fiber-bridging effect. The residual strength of laminates with through-the-
thickness impact damage was conservatively predicted based on calculation of the residual strength of 
laminates with through-the-thickness notches. 

 
1. INTRODUCTION 
Nowadays, various transport aircraft face the operating challenge because of accidental 
in-service damage of aircraft structures due dynamic low and high velocity impacts. The 
aircraft structure should be damage tolerant with respect to dynamic impact loads. This 
means the fuselage structure should be able to withstand impact damages without 
reducing the structural integrity below allowable limits. Since in-service maintenance is 
very important, this explains why a structural material, which has good impact 
resistance, offers fewer repairs after impact and requires fewer inspections, is welcomed. 
The introduction of composite fiber-metal laminates, in particular GLARE®  (GLAss 
REinforced), as a skin material for the upper and side shells in the forward and rear 
fuselage body of Airbus A380, as shown in Fig. 1, allows a new approach to the existing 
maintenance procedures, in particular, because of less restrictive allowable damage 
limits (i.e. damage for which a structural repair is not necessary, and/or justified with an 
inspection interval the structure can be operated). 

 
Figure 1: Application of GLARE® on A380 (status 2008). 
 



This composite material consists of thin layers of aluminium sheets and unidirectional 
prepreg layers of glass fibres embedded into an epoxy based matrix. GLARE® 
demonstrates excellent resistance to fatigue crack growth, high tolerance to accidental 
damage, and superior residual strength in comparison with monolithic aerospace 
aluminium alloys used for structural applications.  
 
In general, the following types of damage in GLARE® laminates occur due to dynamic 
impact loading [1]: 

• Dents with various depths and widths due to plastic deformation of the 
aluminium layers; however, with no cracking in aluminium layers. It is known 
that, depending on the amount of impact energy, delaminations, fiber fracture, 
and matrix cracking in the vicinity of laminate could be induced. 

• Dents with one outer aluminium layer cracked. Hereafter, this type of damage is 
referred to as First Crack (FC). Due to low velocity impact (LVI) loading, the 
outer Al layer on the non-impacted, i.e. convex, side will be cracked in most 
cases. 

• Dents with damage through the entire laminate thickness. Hereafter, this type of 
damage is referred to as through-the-thickness (TTT) crack. 

 
Significant research into the impact behaviour of fibre-metal laminates has been 
documented in the literature [1-4]. There has however been limited published work on 
the fatigue behaviour of GLARE® subjected to dynamic impact loading [5,6]. Therefore, 
further work on the fatigue resistance of fibre-metal laminates following impact loading 
has been required. This paper presents the results of an experimental investigation into 
the effect of low velocity impact loading on the fatigue performance of GLARE® 
laminates and their residual strength. 

 

2. EXPERIMENTAL PROCEDURE 
A number of specimens was manufactured according to the matrix in Table 1 and the 
specimen geometry shown in Fig. 2(a).  
 
Table 1: Specimen matrix. 

Specimen 
group 

N° of 
specimens Laminate lay-up Thickness 

(mm) 

200 6 GLARE4A-3/2-0,4 1,95 

202 12 GLARE4A-4/3-0,4 2,8 

204 12 GLARE4A-5/4-0,4 3,6 

 
In the notation GLARE4A-3/2-0,4, 4A means 0°/90°/0° composite prepreg build-up 
sequence between two aluminium sheets regarding the aluminium rolling direction; 3/2 
means the number of aluminium layers/composite lay-ups; 0,4 means the thickness of 
aluminium sheets in mm.  
 



                
(a)                                                                   (b) 

Figure 2: (a) Specimen geometry; (b) Experimental set-up for dynamic impact tests. 
 
Two low velocity dynamic impacts were applied per specimen (locations A and B as per 
Fig.2(a)) using an impact drop tower, as demonstrated in Fig. 2(b), with the help of a 
spherical impactor (radius R=8 mm; mass 4 kg). 
After the specimens were impacted, they were subjected to fatigue loading (constant 
amplitude, maximum 120 000 cycles, stress ratio R = 0.1, frequency of 10 Hz, room 
temperature). Fatigue stress levels were comparable with the one corresponding to the 
maximum fatigue allowable.  
Before the fatigue tests, the impacted locations of the specimens were inspected on the 
presence of impact induced cracks in the outer aluminium layers and delaminations. The 
size and shape of delaminations were assessed by manual through transmission 
Ultrasounds Test (UT); whereas, the presence and length of cracks in the aluminium 
layers were inspected by High Frequency Eddy Current Test (HFET). In addition, the 
extent of impact damage as well as the initiation of fatigue induced cracks were 
monitored on the impacted specimens during and after fatigue loading.  
After the fatigue tests were completed, several specimens were tested in quasi-static 
tension till failure in order to analyse the influence of impact and fatigue damage on the 
residual strength of GLARE® laminates. 
 
3. RESULTS AND DISCUSSION 
3.1 Impact test results 
The impact test results are presented as measured dent depth after impact vs impact 
energy in Fig.3 (a), delamination area vs impact energy in Fig.3 (b), and dent depth vs 
delamination area in Fig.3 (c), correspondently. 
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(b) 
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Figure 3: Impact test results. 
 



In general, the impact response data in Fig.3 (a) show more or less linear relationship 
between the applied impact energy and the depth of induced dent deformation. Indeed, 
the thicker laminate was, the more energy was required in order to introduce dents with 
the same depth. In the same plot, the boundaries between different extent of impact 
damage induced to the laminates are marked, i.e. FC for first crack damage and TTT for 
through-the-thickness damage. As seen, for the range of dent depth between 5 and 6 
mm, one could expect the presence of impact crack in the non-impacted side of the 
laminate. For the dent depth deeper than 6 mm there is high probability of having 
through-the-thickness impact damage.  
Figure 3 (b) shows that the area of detected delaminations with regard to the applied 
impact energy was rather not depended on the laminate thickness. However, as Fig.3 (c) 
shows, there was difference in the delamination size detected in the laminates having 
similar dent depth. Indeed, to introduce the same dent depth in 1,95 and 3,6 mm thick 
laminates, more energy required in the latter case, causing larger delaminations in the 
thick laminate. 
 
3.2 Fatigue test results 
The obtained fatigue test results are divided into three groups depending on the impact 
damage experienced by the specimens.  
 
Specimens with dents 
Table 2 presents the results of crack and delamination inspection during and after the 
fatigue tests. As seen, in several specimens cracks initiated and propagated.  
 
Table 2: Crack and delamination NDI results for specimens with dent damage. 

 
These cracks usually initiated in the dented area on the impacted side of the specimens. 
No crack initiation on the non-impacted side was reported. In general, in those 
specimens where no cracking occurred in fatigue, the original size of delamination did 
not increase under cycling loading. In the specimens where fatigue cracks initiated and 
propagated, there was certain increase in the delamination size (see an example in Fig. 
4).  



 
Figure 4: Delaminations due to impact and crack bridging effect. 
 
This was due to the general bridging effect of cracks propagating in fiber-metal 
laminates (see Fig. 5). 

 
Figure 5: Crack bridging effect. 
 
The intact fiber layers are slowing the crack propagation since a part o f the applied load 
is transferred through them in the wake of the crack. This results in shear stress on the 
interface between the composite fiber and aluminium layers. Under cycling loading, this 
shear stress will result in the appearance of delamination along the crack edges. 
Altogether, this results in the stress intensity factor is significantly reduced and the 
fatigue crack growth becomes slow. It has been proved that the fatigue behaviour of 
fiber metal laminates is strongly affected by the delamination resistance of the 
fibre/adhesive layers [8].  
 
Specimens with first crack impact damage 
An example of first crack damage is shown in Fig. 6. 

           

Crack due to impact 

Figure 6: Dent with first crack damage after fatigue: impacted side (left) and non-
impacted side (right). 



The fatigue results of the specimens with FC impact damage are presented in Table 3. 
 
Table 3: Fatigue NDI results for specimens with FC damage. 

 
As was already discussed above, the delamination increase during fatigue testing was 
due the fiber-bridging effect and the appearance of the corresponding delaminations. As 
seen in the table, those cracks, which were induced on the non-impacted side (i.e. first 
crack damage), did not grow under cyclic loading. After an impact load fiber-metal 
laminate springs back, but residual stresses remain due to plastic deformation of the Al 
layers as schematically shown in Fig. 7. 

 
Figure 7: Residual stresses in laminate after an impact load. 
 
When the laminate was subjected to tension fatigue, the non-impacted side remained in 
compression. Therefore, the crack induced in the outer Al layer on the non-impacted 
side was in compression and did not grow under cyclic loading. 
 
Specimens with through-the-thickness impact damage 
The fatigue test results of the specimens with TTT impact damage are presented in Table 
4. 
 
 
 



Table 4: Fatigue results for specimens with TTT impact damage. 

 
As seen, the length of cracks observed on the non-impacted side did not increase under 
fatigue. By the end of cycling testing, multiple cracks were detected around dents on 
several specimens. There was no clear relationship between the initial amount of 
introduced damage and the appearance of multiple cracks. As was already discussed 
above, the increase in the delamination size was associated with the bridging effect of 
cracks propagated under fatigue loading. Figure 8 shows the measurement results of 
cracks on the impacted side for selected specimens where most crack increase was 
observed during cyclic loading. 

 
Figure 8: Measurement results of crack length on impacted side. 
 
As can be noticed, the growth of all inspected cracks was rather linear. This was due to 
the aforementioned fibre-bridging effect. Therefore, by the end of the cyclic testing none 
of the specimens with through-the-thickness impact and corresponding accumulated 



fatigue damage showed catastrophic failure development. The same is true in the case of 
the tested specimens with dent and FC type damages. 
 
3.3 Residual strength test results 
Several specimens with first crack and through-the-thickness damage were tested in 
quasi-static tension till failure in order to obtain their residual strength. The 
corresponding results are presented in Table 5. 
 
Table 5: Residual strength test results. 

 
As seen, the dent depth has minor influence on the residual strength. However, the 
damage extent, which particular laminate experienced during impact and fatigue loading, 
is more important. The higher degree of damage was induced to the laminate, the less its 
residual strength was achieved. Therefore, most reduction in the laminate residual 
strength would be due the through-the-thickness type of impact damage. This is clearly 
seen, based on the residual strength results of 200 specimen group. 
An empirical method was used in order to predict the residual strength of dented 
GLARE with TTT type of damage [9]. This method is based on calculation of the 
residual strength of laminates with sharp through the-thickness notches. The metal and 
fiber volume fracture in the laminate loading direction as well as KR-curve for 2024-T3, 
to obtain the laminate one, are main parameters used in the method. For calculations, 
dent TTT damage was represented by an average through-the-thickness crack length 
based on fatigue cracks measured on both sides of the laminate. The output of the 
residual strength calculations is presented in Fig. 8 together with the experimental data. 

 
Figure 8: Comparison of predicted and experimental values of residual strength. 



As seen, the method gives conservative predictions. As mentioned above, in the method 
the damage is represented as a through-the-thickness crack. This means that all 
aluminium and fiber prepreg layers are being cut through, whereas in the case of dent 
TTT damage not all fibers in the loading direction are considered as broken. Since the 
residual strength of fiber metal laminates is partially depends on the amount of intact 
fibers to carry load in the loading direction, this explains why the predicted residual 
strength values are lower than the experimental ones.  
 
4. CONCLUSIONS 
In general, GLARE® showed excellent resistance to dynamic impact and fatigue loading. 
There was linear relationship between the dent depth and impact energy for all 
investigated laminates. However, for the same dent depth larger delaminations were 
founded in the thickest laminate in comparison with the ones detected in thinner 
laminates. The growth of induced impact delaminations was rather limited when the 
laminates were tested in fatigue. The measured delamination increase was due to the 
effect of fiber bridging followed the metal crack propagation under cyclic loading. If 
impact cracks were induced on the non-impacted side of laminates, they did not 
propagate in fatigue. The residual strength of impacted GLARE® with through-the-
thickness type of dent damage could be conservatively predicted based on calculation of 
the residual strength of laminates with through-the-thickness notches. 
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