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Original scientific paper 
In the present work, duralumin aircraft spar fatigue life is evaluated by extended finite element method (XFEM) under cyclic loading condition. The effect 
of the crack growth on the fatigue life of aircraft spar is discussed in detail. The values of stress intensity factors (SIFs) are extracted from the XFEM 
solution. Standard Paris fatigue crack growth law (currently, the only one incorporated in Abaqus) is used for the fatigue life estimation. Obtained results 
are compared with previously obtained experimental results. 
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Proširena metoda konačnih elemenata (XFEM) u procjeni zamornog vijeka duraluminijske ramenjače aviona 
 

Izvorni znanstveni članak 
U ovom radu prikazano je određivanje zamornog vijeka duraluminijske ramenjače aviona primjenom proširene metode konačnih elemenata, pod 
utjecajem cikličkog opterećenja. Utjecaj širenja pukotina na zamorni vijek ramenjače krila aviona opisan je detaljno. Prikazane su vrijednosti dobivenih 
koeficijent intenzivnosti naprezanja primjenom proširene metode konačnih elemenata. Standardna Parisova formula za određivanje putanje pukotine 
(trenutno jedina integrirana u Abaqusu) korištena je za dobivanje zamornog vijeka ramenjače. Dobiveni numerički rezultati uspoređeni su s prethodno 
dobivenim eksperimentalnim rezultatima. 
 

Ključne riječi: Abaqus, koeficijent intenzivnosti naprezanja, PMKE, ramenjača krila aviona, rast pukotine, zamorni vijek 

 
 
1 
Introduction 
 

Today, aerospace engineeres are making the greatest 
effort to understand and predict fatigue crack growth. It 
has been widely accepted that the small crack propagation 
takes up most of the fatigue life time, especially for the 
cleaner materials of high surface quality in aerospace 
structures [1, 2, 3], such as the wing spar. 

A wing is essentially a beam that transmits the entire 
applied air load to the central attachment to the fuselage. 
The spar presents primary structural part of aircraft wing, 
which means that if failure of a structural component 
endangers the aircraft, the component is referred to as a 
primary structure. So, the analysis of wing spar fatigue 
crack growth is very important to ensure the reliability 
under cyclic loading conditions. 

In the field of fracture mechanics, in the past few 
decades, many methods for crack growth simulation in 
various structures have been developed. Some of these 
methods are: the boundary element method (BEM) [4, 5], 
meshfree methods [6, 7, 8], the finite element method 
(FEM) [9 ÷ 12], and the finite difference method (FDM). 

The XFEM [13,14] still presents a new method that 
has not yet been fully affirmed. In order to be generally 
accepted, it still has to be "proven" in practice. This 
means that the results obtained using the XFEM for the 
complex 3D geometry still cannot be taken into account 
without experimental results, so the example of the 
calculation of fatigue life, which we present here, should 
contribute to making more objective judgment of this 
method usefulness. 
 
2 
Experimental testing 
 
 The purpose of the test was to evaluate the behavior 
of the aircraft spar, made in aluminum 2024-T3 [15], 
under cycling loading. The test specimen is full scale and 

a geometrical representative of a light aircraft spar, see 
Fig. 1. 
 

 
Figure 1 Aluminum spar 

 
 The test specimen’s common and fundamental 
dimensions are shown in Fig. 2. The spar has been 
manufactured specifically for the cycling damage testing. 
 
2.1 
Test installation 
 

As it is shown in Fig. 3 one side of the spar was 
clamped with the test installation frame. On the other 
side, the spar was connected with an adjustable drawbar 
that was also connected with an adjustable eccentric disc. 
The main advantages of the adjustable eccentric disc are 4 
independent clamping jaws, which enable displacement in 
different directions. To prevent undesired torsion, and to 
ensure only bending of the spar end, the spar was also 
attached with 4-bearing slider.  
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Figure 2 Aluminum spar model 

 

 
Figure 3 The specimen installation 

 
2.2 
Experiment Measuring System 
 

During the experimental spar testing, the force on the 
adjustable drawbar was measured using HMB U3 50 kN 
force transducer (item 1 in Fig. 3). Assuming that the 

adjustable drawbar stays rigid all the time under the 
action of external cycling loading, the spar end deflection 
was measured in relation to the central point. Deflection 
was measured using ELAP PMS2S 150 mm linear 
displacement transducer (item 2 in Fig. 3). Stresses were 
measured in the spar clamp zone at four points using 
aluminum strain gauges HBM 1-LY13-10/120 type (item 
3 in Fig. 3). Each strain gauge was also connected to one 
half of the Wheatstone bridge (item 4 in Fig. 3), and then 
to the acquisition system. Collection and data analysis 
were made using HBM SPIDER8 acquisition system and 
Catman Express software package. 
 
2.3 
Experimental results 
 
 Narrow band sequence was defined to cause damage 
in the upper spar cap, Figure 4. Loading spectrum was 
defined with minimum +391,2 N and maximum value 
+2028 N and frequency of 12,5 Hz. Such contour 
conditions caused major tension stress. Because of that, 
the first visible crack appeared in the left upper spar cap 
under the spar supporter zone, after only 8542 cycles. 
After that, the crack began to spread rapidly to the spar 
web zone. After entering the cap 3,2 mm radius zone, the 
crack continued to spread in the direction perpendicular to 
the direction of the vertical cap wall. 
 

 
Figure 4 Layout of crack paths obtained in the experiment 

 
        After 39.450 cycles, the second crack appeared, and 
started to spread in the right upper spar cap zone. The 
experiment was terminated after 58.520 cycles. When the 
spar was disconnected from the test installation, we found 
that both cracks caused a quieted large damage on the 
upper spar cap, and that the spar had lost rigid form in the 
supporter zone. This number of cycles is not the final 
fatigue failure number, but very close to it. 
 
3 
Extended finite element method 
 

Fig. 2 presents the aluminum spar (thin-walled beam 
[16]) modelled in CATIA V5 software. All dimensions 
are taken from one of the spars experimentally 
investigated under different types of external loads. 
However, to simplify the numerical model and shorten the 
time required for calculations, all the holes for rivets and 
openings for all bolted connections on one side of the spar 
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were removed from the modelled spar geometry, before it 
was imported into Abaqus. The calculation was made by 
using MorfeoCrack software for Abaqus [17]. 

The final shape of the spar geometry is shown in Fig. 
5. It should be noted that the first calculations were 
carried out on the presented geometry (Fig. 2). However, 
the first geometric model was more complex, which 
resulted in some complications with high-quality mesh 
generation in the vicinity of a large number of holes, 
thereby dramatically increasing the number of nodes 
(over 3 million). The differences in results from both 
models were insignificant [18]. 
 

 
Figure 5 Spar model with the applied displacement of 3 mm at the end 

(ABAQUS model) 

 
Fig. 5 shows that at the end of the spar from which all 

the holes for the screws were removed, 3 mm 
displacement was applied (presented with red arrows), 
which corresponded to the maximum displacement 
measured in the experiment. Holes for screws that are on 
the other side (Fig. 5) were used for constraining the spar 
in the way it was done during the real experiment. Due to 
the specific geometry of the spar and the presence of a 
relatively large number of openings, it was decided to 
form a finite element mesh of tetrahedral elements. Mesh 
was generated by 74.365 nodes and 303.843 elements. 
 

 
Figure 6 Finite element mesh with the initial coin crack shape 

(tetrahedral elements) 

 
Since the experiment crack appeared in the upper spar 

cap zone in contact with the spar clamp, the mesh was in 
the same area significantly "refined" to obtain better 
values of stress intensity factors at the crack tip [19] and 
[20].  

In addition, the initial crack was initiated at the edge 
of the left upper cap zone, close to but not on the exact 
position in which it appeared in the experiment with a 

narrow range of amplitudes loads (a little more to the 
right, toward the wall of the spar). The reason for 
choosing the edge as a place of crack initiation is that the 
cracks in the experiments with different loading histories 
always appeared in the same zone, but in different places 
within it, which is understandable considering the 
stochastic nature of the fatigue phenomenon. Therefore, it 
was decided to "ensure" [21] more space for crack 
expansion in order to monitor and analyze changes in the 
stress intensity factors along the crack maximum path. 

Initial crack length was 1 mm (a bit less than the 
radius of the circle used for the crack initiation on the 
edge of the spar cap) and, as in Fig. 3, it did not penetrate 
through the entire thickness of the spar cap. After the first 
step calculation in Abaqus (i.e., crack opening) finite 
element mesh looked as presented in Fig. 6.   
 

 
Figure 7 1-mm initial crack length 

 
 After crack opening, the crack began to expand in the 
steps of maximum 1 mm, Fig. 7. The expansion was not 
restricted to one plane. Instead, it was allowed to 
propagate in the direction the calculation predicted it 
would spread. After nineteen steps of cracks propagation, 
the crack had the shape as shown in Fig. 8, which clearly 
shows that the crack path on the horizontal part of the 
spar cap was not straight but winding, similar to that 
obtained in the experiment (Fig. 4). 

It was a confirmation that the boundary conditions 
and load displacements were properly defined and that the 
numerical model was good approximation to the real spar 
used in the experiment. 
 

 
Figure 8 Layout of crack after 19th step expansion of  1mm 

 
 Crack propagation was then continued. After 22 steps 
it has reached the area of radius 3,2 mm between the 
horizontal and the vertical wall of the upper cap and over 
the next few steps it passed through that area (Figs. 9 and 
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10). Namely, that is the area of the spar cap where its 
contact with the spar wall begins, and as the cracks in the 
experiments never once appeared on the wall of the spar, 
the domain of the spread of damage at the beginning of 
the simulation was limited only to the geometry of the 
cap. Therefore, after leaving the area of radius 3,2 mm the 
cracks did not continue to spread along the spar wall, but 
only along the vertical cap wall zone that is in contact 
with the wall, which was one of the conditions defined 
prior to the three-dimensional simulations. 
 

 
Figure 9 Crack after 22 expansion steps of 1mm (view from below) 

 
After leaving the zone of radius 3,2 mm, the crack 

continued to spread along vertical cap wall. After 
additional 45 steps (from the initial crack opening), the 
crack reached the edge of the vertical cap wall (Fig. 11) 
and Abaqus sent notification that calculation cannot be 
continued. In other words, there was a final spar cap 
fracture caused by crack propagating along the total width 
of both cap walls.  

The layout of the crack given in Fig. 9 is not obtained 
in any experiment with aluminum spar, because the crack, 
after entering the cap radius zone, mostly continued to 
spread in the direction perpendicular to the direction of 
the vertical cap wall. 
 

 
Figure 10 Crack after a 24th step expansion of 1mm (view from below) 
 
 After the analysis of cracks and fractures obtained 
during the experiments, it was concluded that the bands – 

which are otherwise obtained by bending aluminum plates 
of certain dimensions – in the radius zone had tensile 
residual stresses. The crack entering the zone with tensile 
residual stresses led to the occurrence of local stress 
concentration, which accelerated the crack propagation. 
 

 
Figure 11 Crack after a 45th step expansion of 1mm (view from below) 
 

Vertical spar wall crack appearance (Fig. 11), 
obtained by the three-dimensional extended finite element 
method, did not correspond to the shape of cracks 
obtained in the experiment. In fact, the only 
characteristics of aluminum that are used in the simulation 
are the Young's modulus of elasticity (73.000 MPa) and 
the Poisson ratio (value 0,33). As a result of these 
assumptions, the resulting trajectory of the crack is not 
characterized by rapid and large turns, only with small 
deviations from the direction in which the crack was 
initiated. 

In order to analyze the probability of occurrence and 
spreading of crack in other parts of the spar, on the 
generated finite element mesh, the initial crack was made 
at different places, even in the zone of radius 3,2 mm (and 
to the direction in which the actual crack spread 
throughout the experiment). However, after opening a 
crack in the first next step, Abaqus sent a message that 
further crack expansion was impossible, because the 
stress intensity factor values were very close to zero. It 
was a confirmation of the hypothesis that this zone of 
crack propagation is possible only in case a certain stress 
state (tension residual stress) or micro-defects in the 
structure of materials already exist. 
 

 
Figure 12 Effective value of the stress intensity factor change with 

crack length on the spar cap of 2024-T3, applied displacements of 3mm 
 

During each step of crack extension the effective 
Mode I stress intensity factor values at the crack tip were 
calculated [22]. Fig. 12 presents a graph of the effective 
stress intensity factor change with the crack length, drawn 
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on the basis of SIF values. The graph shows that SIF 
increased until the twentieth step (value of 790,442 
MPa·mm0,5). At twenty-first it began to decline, which 
coincides with the crack entering the zone between the 
horizontal and vertical wall. 

The effective factors value continued to decline until 
step 26th (when the crack finally came out of the zone of 
radius 3,2 mm), and then began to grow again until the 
value of 759,198 (twenty-ninth step), after which, until 
the final fracture, oscillated in a relatively narrow range of 
634,529 to 768,188 MPa·mm0,5. 
 

 
Figure 13 Crack length on the 2024-T3 spar with the number of cycles 

(tetrahedral elements, Abaqus), applied displacements of 3 mm 
 

Regardless of the different form of the path obtained 
by 3D simulation of crack propagation in relation to the 
shape that a real crack in the spar had in experimental 
tests, it was decided to count the number of cycles from 
initial crack, until the final separation of materials (Figure 
13), and compare this value with the number of cycles in 
the experiment. We used the Paris law for the crack 
propagation (currently the only one integrated in Abaqus) 
with the corresponding values of the exponent of Paris' 
coefficient C for aluminum alloy 2024-T3 [15]. The graph 
of crack length as a function of cycles is shown in Fig. 13. 
The values of the number of cycles obtained by the Paris 
law show that the initial crack of 1 mm length will extend 
to the length of 2 mm after 27.000 cycles of the external 
load, and it will reach a length of 3 mm after the other 
5850. For the crack to enter the 3,2 mm radius zone, it 
will require approximately 45.000 load cycles from its 
initiation. From the moment of its complete transition to 
a vertical wall (step 26) to the final separation of the 
material (step 46), it will take about 5000 cycles. The total 
number of cycles required to extend the initial crack of 
1mm length to its final length just before the failure, the 
Paris formula gives the number 50.743. If we add to this 
value the number of cycles needed for the crack on the 
spar cap to appear (obtained by Ansys), which is 7944 
cycles, we obtain the total spar fatigue life, N = 58.687 
cycles. 
 
4 
Conclusions 
 

Experimental spar loading was stopped after 58.520 
cycles, the number very close to the value just mentioned 
(58.687 cycles) provided by the Paris law based on the 
change of stress intensity factors obtained in the 3D crack 
simulation in Abaqus. However, in reaching final 
conclusions about the success of the simulation carried 
out, it is necessary to be cautious, because these two 

numbers - although very close - in effect, do not describe 
the same phenomenon. 

Firstly, the value of 58.520 cycles obtained in the 
experiment, is actually the number of registered cycles 
until the termination of the experiment, but not until the 
appearance of spar fracture, and the value N = 58.687 
obtained by 3D simulation is exactly the number of cycles 
to failure. In other words, N = 58.687 is estimated fatigue 
life of the spar, while N = 58.520 is not real life under 
fatigue. Secondly, we have already mentioned that the 
crack path in the 3D simulation fits the real one only 
along the horizontal cap wall zone (Figs. 9 and 10).  

Virtual crack is initiated near the point where it 
appeared in the actual experiment, only a few millimeters 
away. Entering the zone between the vertical and 
horizontal spar wall there was a large difference in the 
"behavior" of the virtual and the real crack, which is 
explained by assuming the existence of residual tensile 
stresses and / or micro-damage of materials. The actual 
crack spread for some time through this area (eight to ten 
thousand cycles) and then it came out near the holes, but 
the virtual one did not.  

The differences between real and virtual crack 
propagation, as well as the points between which they 
extended, lead us to conclude that it makes sense to make 
the comparison only in situations where cracks behave 
similarly and the numbers of required cycles are about the 
same. 
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