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Abstract: Experimental and numerical analysis of fatigue crack growth in integral skin-stringer panels, produced by means of laser beam welding (LBW), is performed. 
Since this type of panel is used in airframe construction, fatigue and damage tolerance is of paramount importance, since aircrafts must be tolerant to relatively large 
fatigue cracks. Firstly, using extended finite element method (XFEM), the fatigue crack growth on the simple flat plate made of AL-AA 6156T6/2.8 mm was simulated, and 
results were compared with values obtained in the experiment. The same approach was taken to simulate the fatigue behaviour and crack propagation of the real skin-
stringer panel (four stringers, laser beam welded). It was found that the results obtained for stress intensity factors (SIFs) KI, KII, KIII and Keff along the crack front, are close 
to the experimental results, leading to conclusion that the XFEM method can be successfully used in prediction of fatigue life of complex airframe structures, such as laser-
beam welded skin-stringer panels.   
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1 INTRODUCTION 

Well-designed aircraft structure is one that is light-
weight and cost-efficient and that has the ability to perform 
its intended function during service life. This is especially 
true for commercial aircraft structures which have a 
complex shape with the fuselage shell composed of 
stressed skin, longitudinal stringers and circumferential 
frames. The skin is connected to the stringers and frames 
mostly by rivets (Fig. 1) and these joints are subjected to a 
major loading of differential internal pressurization. 
Riveted skin-stringers structures have been introduced in 
aircraft fuselage assemblies since the 1940’s and are still 
widely used. When the fuselage is pressurized and 
depressurized during take-off/landing cycles, the skin of 
fuselage expands and contracts resulting in metal fatigue. 
Due to the presence of drilled rivet holes, the fuselage skin 
has a large number of stress locations which may lead to 
crack initiation.  

Aircrafts must be designed to tolerate relatively large 
fatigue cracks, but safety measures must be taken before 
cracks reach critical lengths and cause catastrophic failures. 
Damage tolerant designs use fracture mechanics data and 
analysis to predict crack growth rates and critical crack 
lengths. To successfully prevent the failure, it is necessary 
to estimate the number of cycles of the external load that 
will grow crack to critical length. 

Fatigue crack initiation and growth, as well as fracture 
resistance and corrosion issues associated with riveted 
structures, are well understood and it seems difficult to get 
significant improvements in riveting technology regarding 
the extension of the fuselage fatigue life. However, the 
development of welding technology, like LBW, enabled 
production of integral skin-stringer structures, which in turn 
reduced the riveted joint applications [1]. Integral skin-
stringer structures (Fig. 2), which enable skin and stringers 
to behave as a continuum, are more suitable for 
improvements even though they might be poor at damage 
tolerance performance. Compared to the conventional 
riveted structures, integral skin-stringer structures are 
lighter and cheaper, easier to inspect and have fewer holes 
with high stresses suitable for crack initiation. Recent 

developments of advanced welding technologies have led 
to further reduction of weight and fabrication costs [2-5], 
including LBW, which has been successfully applied for 
manufacturing of skin-stringer curved panels for various 
civilian aircrafts in Europe, and is also considered for butt-
joints in fuselage and wing structures [6, 7]. 

Figure 1 Riveted frame-stringers structure of the fuselage 

Figure 2 Integral skin-stringer structure of the fuselage 

Despite its numerous advantages, joints made by 
LBW may still suffer from seam imperfections like 
notches or holes which affect fatigue life significantly. 
Despite manufacturing precautions, cracks may appear in 
integral skin-stringer structure and reduce its stiffness and 
the load-carrying capacity. The safe operation of 
pressurized fuselage structure is ensured through the 
operation of damage tolerant design and evaluation, 
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which intended to certify that fatigue, corrosion, or other 
mechanisms should cause crack to grow within the 
operational life, so that the remaining structure can 
withstand reasonable loads without failure or excessive 
structural deformation until the damage is detected. Two 
types of damage most frequently associated with the 
structural integrity of the fuselage are longitudinal cracks 
under hoop stresses (induced by cabin pressurization) and 
circumferential cracks under stresses from vertical 
bending of the fuselage [8]. A critical element of damage 
tolerant design in pressurized fuselage is the ability to 
predict the growth rate of fatigue cracks under known 
applied loading. 

The crack growth stage is studied by using stress 
intensity factor (SIF), as the basic parameter defining the 
stress field near the crack tip. There are many methods 
used in the computational mechanics for SIFs 
calculations. The crack opening displacement (COD) 
method, as well as the force method, was popular in early 
applications of finite element method (FEM) to fracture 
analysis [9]. The virtual crack extension (VCE) methods, 
proposed by Hellen [9], led to increased accuracy of SIF 
results. The VCE method requires only one complete 
analysis of a given structure to calculate SIF. Both the 
COD and VCE methods can be used to calculate SIF for 
all three fracture modes. However, additional complex 
numerical procedures have to be applied to get results. 

FEM has been used for decades for calculating SIFs, 
but it has some restrictions in crack propagation 
simulations mainly because the finite element mesh needs 
to be updated after each propagation step in order to track 
the crack path. Extended finite element method (XFEM) 
suppresses the need to mesh and remesh the crack 
surfaces and is used for modelling different 
discontinuities in 1D, 2D and 3D domains. XFEM allows 
for discontinuities to be represented independently of the 
FE mesh by exploiting the Partition of unity finite 
element method, [10]. In this method enrichment 
functions are added to the displacement approximation as 
long as the partition of unity is satisfied. The XFEM uses 

these enrichment functions as a tool to represent a non-
smooth behaviour of field variables.  

Due to the relatively short history of the XFEM, 
commercial codes which have implemented the method 
are not prevalent. There are however, many attempts to 
incorporate the modelling of discontinuities independent 
of the FE mesh by either a plug-in or native support. 
Cenaero [11] has developed a crack growth prediction 
add-in Morfeo/Crack for Abaqus which relies on the 
implementation of the XFEM method available in Abaqus 
software. Problems involving static cracks in structures, 
evolving cracks, cracks emanating from voids etc., were 
numerically studied and the results were compared 
against the analytical and experimental results to 
demonstrate the robustness of the XFEM and precision of 
Morfeo/Crack for Abaqus [12, 13]. 

The cracks are represented with the help of two 
signed distance functions that are discretized on the same 
mesh as the displacement field with first-order shape 
functions. Method for representing the cracks in this 
application is exactly the same as described in [14]. After 
each step of the propagation simulation, the SIFs are 
computed from the numerical solution at several points 
along the crack fronts. Interaction integrals are used to 
extract the mixed-mode SIFs with the help of auxiliary 
fields. After that Paris-Erdogan fatigue crack growth 
model can be used for evaluation of the number of cycles 
that will grow crack to the critical length, as shown in 
[15-17]. 

XFEM is still not fully recognized and needs to prove 
its practical worth in order to be generally acknowledged. 
Results obtained by using XFEM for a complex 3D 
geometry are still not regarded as reliable without 
experimental checks. The purpose of this paper is to 
demonstrate that reliable fatigue life predictions can be 
obtained with crack growth simulation applied to three-
dimensional integral skin-stringer structure using the 
extended finite element method. Results and conclusions 
given here should contribute to making a more objective 
judgment about XFEM usefulness in solving wide range 
of engineering problems, especially those related to the 
commercial aircraft design. 

 

 
Figure 3 Differential vs. integral structure of the fuselage 
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2 EXPERIMENTAL WORK USED AS A REFERENCE  
 
The basis for this paper is the report presented on 

"European Workshop on Short Distance WELding 
Concepts for AIRframes - WEL-AIR" on June 2007 that 
is created on the basis of damage tolerance analysis of 4-
stringer flat panels that are jointly made by the Airbus 
division in Bremen and GKSS Research Center 
Geesthacht (Hamburg) – Germany. By courtesy of project 
participants, the results of fatigue test of laser beam 
welded short distance clip welds using 4-stringer flat 
panels [18], were available for inspection and they were 
used as reference for verification of fatigue life values 
obtained by numerical simulations using XFEM. 

The main idea of the project was to perform fatigue 
testing of integral structures that should replace the 
conventional differential structures (Fig. 3) where joints 
are obtained using rivets. Panels with stringers are 
traditionally used in fuselage production; therefore, 
Airbus has decided to test this type of geometry. 

Integral skin-stringer structure is obtained using 
LBW, and fatigue life testing was performed on panel 
under tension containing growing damage perpendicular 
to the stringer weld joint (circumferential crack, Fig. 4). 
Panel geometry with stringers and their dimensions is 
presented in Fig. 5. 

 

 
Figure 4 Circumferential crack on the panel under tension 

 

 
Figure 5 Dimensions of the 4-stringer panel made of 6156 T6 (LB welded by 

AIRBUS) 
 

The 4-stringer panels with the initial crack lengths 14 
mm were tested on a standard tensile machine, varying 
the maximum applied tensile force (with constant 
amplitude and stress ratio). Different aluminium alloys 
(6156T6, 2139T8, 6156T4) were tested. Their fatigue 
characteristics, represented by Paris coefficients, were 
determined by testing the base metal panels without 
stringers (Fig. 6). Base metal panels dimensions, tension 
force and initial crack lengths were identical to 
dimensions of 4-stringer panel, and fatigue crack lengths 

during testing were measured using remote optical 
microscope.  

 

 
Figure 6 Determination of Paris coefficients on base metal plate 

 
3 NUMERICAL SIMULATIONS USING XFEM 

 
As already explained and presented in [19], the main 

idea of numerical modelling was, firstly, to test XFEM by 
making FE model of base metal plate with initial crack 
(Fig. 7), simulating the real loads from experiment, and 
consequently comparing the number of cycles obtained 
numerically to the number of cycles obtained 
experimentally.  
 

 
Figure 7 FE model of base metal plate with initial crack, [19] 

 
Base metal plate was chosen as it had simple 

geometry, and because the calculated values of SIF could 
be verified using other methods or can be even found in 
the literature. The second step was FE modelling of 4-
stringer panel (Fig. 5) and determination of the number of 
load cycles that would grow crack to critical length that 
will then be compared to number of cycles obtained in 
experiment with real 4-stringer structure. In both 
simulations aluminium alloy AA6156 T6 was used 
(Young’s modulus E = 71000 MPa, Poisson’s ratio ν = 
0.33), and the FE models of base plate and 4-stringer plate 
are shown in Fig. 8 and Fig. 15. The loads used in 
simulations were equal to average values of maximum 
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tensile forces over time measured in experiments 
(obtained due to the courtesy of researchers from GKSS 
Research Center, Geesthacht). For base metal plate 
average maximum force was Fmax = 112.954 KN, while 
the load ratio R = 0.146 was determined on the basis of 
average minimum tensile force measured. Coefficients for 
Paris equations were adopted on the basis of the values 
obtained in tests with base metal plates (Fig. 6): m = 
3.174 and C = 1.77195E-012 MPa mm1/2.  

Initial crack in the 1st simulation was propagated to 
length 2a = 275 mm, and Fig. 8 shows its shape after the 
last growth step. As it can be seen in Fig. 9, the number of 
cycles predicted by Paris equation incorporated into 
Morfeo/Crack for Abaqus software is comparable to the 
number of cycles obtained in one of the experiments with 
base metal plate (different values of number of cycles 
were obtained in series of experiments; however, the 
deviation was not greater than 15%). 

 

 
Figure 8 Crack on base metal plate after 260 steps of propagation (2a = 275 

mm), [19] 
 

 
Figure 9 Numbers of cycles obtained in experiment and XFEM simulation (base 

metal T6), [19] 
 

Fig. 9 shows that in XFEM simulation number of cycles 
to critical crack length is less than that obtained in 
experiment (169076 cycles versus 189514 cycles, which is a 
difference of about 10%); however, under crack length 2a = 
60 mm (almost linear growth) the numbers of cycles differ 
insignificantly. This confirms previously drown conclusion 
[13] that in case of simple geometry XFEM is a fairly 
reliable method for crack growth rate determination, 
providing more conservative values compared to the 
experimental ones. This was confirmed by comparing SIFs 
values obtained by XFEM and NASGRO software [20], 
(Fig. 10). It is evident that Morfeo/Crack for Abacus 
calculates higher Mode I SIFs compared to NASGRO and 
due to that fact the predicted fatigue life is shorter; however, 
the number of cycles to critical crack length is on the safe 
side – predicted life is shorter than that obtained in 
experiment. (It is important to mention that NASGRO 
calculates SIFs at the tip of the 2D crack, while 

Morfeo/Crack for Abaqus calculates SIFs at the nodes of 3D 
crack front; in Fig. 10 maximum values of SIFs along crack 
fronts are given.) 
 

 
Figure 10 SIF values obtained in NASGRO software and XFEM simulation (base 

metal T6)  
 

 
Figure 11 Model of 4-stringer plate with 3D crack used in simulation, [19] 

 

 
Figure 12 Crack in 4-stringer plate after 68 steps of propagation 

 

 
Figure 13 After 78 steps crack begins to spread along the stringer 

 
Having in mind that the researchers from GKSS 

Research Center have also investigated 4-stringer plates 
with middle crack, the 2nd simulation was carried out on 
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the model shown in Fig. 11. FE model consisted of 
322404 nodes and 237600 linear hexahedral elements of 
type C3D8R. Stringers and skin were modelled in CATIA 
v5 as a one part (not assembly) in order to simulate 
integral structure which enables skin and stringers to 
behave as a continuum. Initial crack (length 2a =14 mm) 
was propagated in 160 consecutive steps (Figs. 12 to 15) 
and SIFs were calculated. In order to validate the results 
of simulation the values of crack growth rate obtained in 
XFEM simulation have been compared to available 
experimental crack growth rate values shown in Fig. 16. 

 

 
Figure 14 Crack after 130 steps of propagation: both stringers are highly damaged 

 

 
Figure 15 Crack after 160 steps of propagation, [19] 

 

 
Figure 16 Comparison of the crack growth rate for the base metal plate (black 

dots) and 4-stringer plate (blue dots) obtained in the experiment, [18] 
 

As it can be seen in Fig. 17, the numerical values are 
very close to experimental ones. Finally, Fig. 18 shows 
comparisons of the number of cycles obtained in 
experiment with base metal plate and number of cycles 
obtained in simulation with 4-stringer plate. Reason why 
number of cycles in simulation was not compared to 
number of cycles in experiment with 4-stringer plate is 

simple: number of cycles in experiment was not available 
to the authors of this paper. 

 

 
Figure 17 Comparison of the crack growth rate for the base metal plate obtained in 

the experiment, [18] and 4-stringer plate obtained in simulation with XFEM 
 

 
Figure 18 Number of cycles for base metal plate and 4-stringer plate, numerical 

and experimental, [19] 
 
4 DISCUSSION AND CONCLUSIONS 

 
Until the development of XFEM and its integration in 

existing FE software packages, the numerical simulations 
of crack propagations through complex 3D structures 
(similar to those presented in this paper) were practically 
impossible or – in the best case – very complex and with 
limited choice of crack shape (as it was the case with 
FRANC3D software [21]). Also, there was a problem 
with meshing, because after each step of the crack 
propagation new FE mesh around the crack front had to 
be generated which affected the accuracy of results and 
calculation time, especially for growth simulations of very 
long cracks. 

With XFEM the need for new mesh creation after 
each step is eliminated and, as it can be seen in Figs. 12 to 
15, the crack spreads all the time through unchanged 
mesh and can reach very long length. The shape and the 
position of the initial crack depend on the user and there 
are no limits regarding these issues, whereby 
simultaneous multiple cracks’ growths can also be 
simulated, as presented in [22, 23]. This is of great 
importance for fatigue life estimation of aircraft structures 
such as fuselage with riveted joints which are very often 
exposed to multiple site damage (MSD). 

Estimation of fatigue life of integral aircraft 
structures, the subject of this paper, is also very important 
although the possibility of crack occurrence in integral 
structure is lower than in the case of differential structure. 
XFEM can play a significant role in this subject and may 
reduce to a minimum the number of experimental 
verifications and so fulfil one of the requirements 
mentioned at the beginning of this paper: cost-efficient 
design. The results of numerical simulations based on 
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XFEM presented in this paper are quite well correlated 
with experimental values, which is particularly true for 
the simulation of crack propagation on 4-stringer plate. 
By analysing the results presented in Fig. 16 (taken from 
experiment) and Fig. 17 (simulation results for 4-stringer 
plate) it can be concluded that XFEM gives good 
predictions of crack growth rate on complex geometry 
and that the shape of the graph da/dN vs. crack length in 
Fig. 17 is very similar to the shape of the graph in Fig. 16 
(blue dots). 

There are, of course, some differences due to the fact 
that the initial length of the crack in experiment was 2a0 = 
75 mm whereas in simulation 2a0 = 14 mm, because 
intention was to compare 4-stringer plate with base metal 
plate whose initial crack length was 2a0 = 14 mm; as a 
result graph presented in Fig. 18 was created.  

The difference in initial crack′s lengths is the reason 
why crack growth rate in simulation at crack length 2a = 
100 mm (da/dN ≈ 1×10‒6 m/cycle) is somewhat larger 
than the crack growth rate in the experiment; however, in 
both graphs the slight decline of crack growth rate is 
notable and after that there is almost constant growth rate 
as the crack approaches the first stringer (2a ≅180 mm). 
After the crack starts to propagate along both stringers, 
the growth rate begins to rise again which is 
understandable because stringers gradually lose their load 
carrying capacity and the damage is propagating faster 
and faster.  Fig. 17 shows that the growth is almost 
logarithmic and that rate tends to the value (da/dN = 
1×10‒5 m/cycle), while Fig. 18 shows certain variability in 
values of crack growth rate obtained using XFEM, 
although logarithmic trend is evident. This is more or less 
expected as the values of SIFs obtained using 
Morfeo/Crack for Abaqus depend on the density and 
quality of FE mesh, but it is evident that during one 
growth period (155 mm < a < 165 mm) crack growth 
rates in simulation are slightly above the crack growth 
rates for base metal plate (the order of magnitude of the 
differences is 8×10‒6 m/cycle. The reason for that might 
be the fact emphasized earlier in this paper (see Fig. 10) 
and confirmed in [13] that Morfeo/Crack for Abaqus 
gives somewhat higher SIFs values compared to 
experimental ones; as a result, curve for 4-stringer plate 
obtained using XFEM in Fig. 18 is closer to the 
experimental curve for base metal plate than it is in 
reality. 

However, Fig. 18 shows that when crack length is 2a 
≈ 310 mm it is growing rapidly and this cannot be 
allowed on the fuselage structure: precautionary measures 
must be taken much earlier, approximately when crack 
length 2a is around 100 mm, e.g. before the crack reaches 
the first stringer, in order to prevent potential catastrophic 
consequences. This means that the values of crack growth 
rate when crack length is approximately 310 mm are not 
of great importance and that the differences between 
XFEM results and experimental values cannot affect 
fatigue life in this particular case. Even though the 
differences occur earlier, having in mind that 
Morfeo/Crack for Abaqus on average gives somewhat 
higher SIF values, fatigue life obtain in simulation should 
be shorter than one obtained in experiment which cannot 
put at risk the safety of the fuselage structure. 

Finally, Fig. 18 shows that 4-stringer plate with given 
stringer dimensions and for given tension force has 
fatigue life approximately 30% longer than base metal 
plate (254274 cycles vs. 194453 cycles), which is the 
estimation obtained on the basis of Paris law 
(unfortunately, information on the number of cycles 
obtained in experiment with 4-stringer plate was not 
available). There are other equations that can be used to 
estimate fatigue life under given conditions (NASGRO 
equation, for instance) and they might give other number 
of cycles, but not so much different from one presented 
here. If aircraft designers consider the improvement by 
30% as a not satisfactory, redesign of 4-stringer panel and 
consequent tests on new panels would take much time and 
money. However, using XFEM estimation of the total 
fatigue life of new structure is relatively easy to obtain 
and inexpensive, not only for loads used in experiments 
but for the whole spectrum of loads that might appear 
during the intended life of structure. And this is the main 
competitive advantage of XFEM. 
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