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A B S T R A C T   

Fatigue crack growth in different panels, made of AA6156 T6, was investigated experimentally and numerically. Three different types of panels were used, simple 
one, so-called base metal (BM), panel with 4 welded stringers and panel with 4 welded stringers and 3 welded clips. Experimental investigation indicated benefits of 
stringers, especially in respect to residual life, since the number of cycles were more than doubled (420 Kcyc vs 195 Kcyc for initial crack length 14 mm), but that was 
not the case for panels with clips (220 Kcyc). Experimental investigation was also performed on panels with longer cracks (75 mm) to check the effect of initial crack 
length in the case of BM and panels with 4 stringers, showing practically the same effect of stringers on residual life (95 Kcyc vs 50 Kcyc). Then, fatigue crack growth 
in panels was simulated numerically using xFEM. Numerical simulation indicated the same trend and effectiveness of stringers, with sufficient agreement with 
experimental results for BM and panels with stringers only. Anyhow in the case of clips panels with 4 stringers and 3 clips, number of cycles for panel with additional 
3-clips was higher than for panel with just 4-stringer, (278 Kcyc vs 265 Kcyc), improving fatigue life for cca 5 %, contrary to experimental results.   

1. Introduction 

Riveting has been the state of the art joining technology in the 
aeronautical industry for decades and it has demonstrated its value and 
reliability. But the necessary overlap joint demands large amounts of 
material and its production chain is also time consuming. New processes 
such as Laser Beam Welding (LBW) and Friction Stir Welding (FSW) 
present new solutions to overall weight savings and process time 
reduction, [1,2]. These processes are continuously under improvement 
and their application is still to be broadened. It has been observed in 
larger metallic structures of models such as in the A318, A340 and A380 
that LBW has advantages compared to conventional riveted fuselages. 
Regarding the production of structures, LBW can be up to 20 times faster 
than riveting. Another advantage is that the process only requires one- 
sided access. Lower fuselage panels made of AA6xxx series (Al-Mg-Si- 
Cu) and processed with LBW as an efficient joining technology are 
already established in the market, Fig. 1. 

Although LBW has been successfully applied for manufacturing skin- 
stringer panels, as shown in Fig. 2a, two types of cracks appeared in a 
large transport aircraft, longitudinal cracks due to hoop stresses and 
circumferential cracks due to bending of the fuselage, [4], because not 
all welds are sound, as shown Fig. 2b, even though the microstructure 
was practically the same, i.e. typical for LBW. Thus, it is of utmost 

importance to predict fatigue crack growth rate. Extensive experimental 
study has been performed in GKSS, [5], using different panels, Fig. 3, 
followed by recent numerical simulation using xFEM, [3,6–9]. Two 
different ways of improving panel performance were analysed, focused 
on the effect of stringers only and stringers and clips together, [6–9]. 

The most common method for numerical simulation of FCG nowa
days is the extended FEM (xFEM), introduced in nineties by Ted 
Belytschko and his coworkers, [10,11] and modified later on, [12]. Its 
effectiveness for FCG simulation has been demonstrated in number of 
applications, not only for welded joints, as shown in [13–20], but also 
for other, completely different problems, like artificial hips and bio
materials in general, [21–23]. As closely related to the problem analysed 
here, one should keep in mind fatigue life analysis of the integral skin- 
stringer panel using xFEM, [3], numerical simulation of fatigue crack 
propagation in friction stir welded joint made of Al 2024-T351 alloy, 
[13], stringer effect on fatigue crack propagation in A2024-T351 
aluminum alloy welded joint [6], experimental and numerical analysis 
of fatigue crack growth in integral skin-stringer panels, [7], application 
of xFEM for fatigue life predictions of multiple site damage in aircraft 
structure, [14], fatigue life estimation of damaged integral wing spar 
using xFEM, [15], fatigue life estimation of CCT specimen using xFEM 
and Paris law, [16], all of them briefly described in [17]. One should also 
keep in mind other investigations of FCG in stiffened and plain panels by 
classical fracture mechanics approach, [24–25], where stress intensity 
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factors were calculated by FEM and fatigue life was assessed by inte
grating the Paris equation, as well as similar approach used to assess 
residual stress effects, [26–27]. Significant difference should be noticed 
between use of FEM and xFEM for FCG simulation, since in the former 
case mesh has to be adapted in each step, whereas xFEM does not require 

mesh change. Anyhow, nowadays automatic mesh adaption is available, 
making standard FEM competitive with xFEM, [28]. 

2. Experimental research 

Extensive experimental research was performed in GKSS [5], 
including testing of residual strength, Crack Tip Opening Displacement, 
δ5 and J-R curves, using Digital Image Correlation (DIC), and monitoring 
of fatigue crack growth (FCG). In this paper, the focus is on monitoring 
of FCG during testing of 4-Stringer Flat Panels made of AA6156 T6, 2 W 
= 760 mm, with or without 3 clips, as shown in Fig. 4. Digital Image 
Correlation was used to measure the crack tip opening displacement, δ5, 
as explained in detail in [29–32] and shown in Fig. 5. The 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. Load frequency was 2 Hz. 

Clip with a crack is schematically presented in Fig. 6, whereas its 
appearance after panel failure is given in Fig. 7, indicating crack growth 
not retarded by clips, which is in agreement with experimental results to 
be presented later. 

Comparison of FCG in Base Metal (BM) and LBW Panels is presented 
in Figs. 8 and 9. In Fig. 8 the left tip of crack is analysed in terms of FCG 
rate, da/dN, vs crack length, a, for BM and both panels, one with 4 
stringers (referred to as P+4S from now on), and the other one with 3 
clips, in addition (referred to as P+4S+3C). One should keep in mind 
that the initial crack length was not the same in all three cases, since it 
was 2a0 = 14 mm for BM and P+4S+3C, while 2a0 = 75 mm for P+4S. 
Therefore, more relevant is comparison between BM and P+4S+3C. One 

Nomenclature 

LBW Laser Beam Welding 
FSW Friction Stir Welding 
FCG Fatigue Crack Growth 
DIC Digital Image Correlation 
xFEM extended Finite Element Method 
P+4S Panel with 4 stringers 
P+4S+3C Panel with 4 stringers and 3 clips 
δ5 crack tip opening displacement 
a crack length 
a0 initial crack length 
W plate width 
Kcyc 1000 cycles 
N Number of cycles 
da/dN Fatigue Crack Growth rate 
ΔK stresss intensity factor range 
BM Base Metal 
HAZ Heat-Affected-Zone  

Fig. 1. LBW panels (in orange) in A380. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)  

Fig. 2. LBW joints, a) no defects, b) large pores.  
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Fig. 3. Panels welded by LBW with different number of stringers and clips.  

Fig. 4. Testing of panels.  
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can see that FCG rates are similar when crack is growing along both 
clips, middle and left, whereas in between there is a significant slow
down at the end on the middle clip, followed by slower crack growth up 
to the left clip. Once crack reached the left clip, FCG rate is significantly 
increased, closing up with the rate in BM. One can argue that clips are 
only helpful in combination with stringer, while on their own they do 
not act as a barrier to crack growth, probably because crack is growing 
along Heat-Affected-Zone (HAZ). Behaviour of a longer crack in P+4S is 
somewhat different, but basically the same, speeding up until the end of 
middle clip, slowing down up to the stringer and again, speeding up once 
the left clip is reached, but at a somewhat smaller rate. Similar behav
iour can be also observed for the right crack tip, with slightly different 
pattern of crack growth in P+4S+3C, Fig. 9. 

More details about crack growth in P+4S+3C are given in Fig. 10a in 
form of diagramme a vs N, and in Fig. 10b, showing comparison of a vs N 
for BM and P+4S+3C, with somewhat longer life in the latter case (225 
Kcyc vs 193 Kcyc). 

More details about crack growth in P+4S are given in Fig. 11, in form 
of results for FCG rate, da/dN, vs stress intensity factor range, ΔK, 
Fig. 11a, and crack length, a, vs number of cycles, N, for both P+4S and 
BM, for comparison purpose, Fig. 11b. One can see that the FCG is 
slowed down due to stiffener effect, making the residual life of P+4S 
significantly longer than BM. 

In order to check a possible effect of crack length, additional testing 
was done on plates with 2a0 = 75 mm, both for BM and P+4S. Diagram 
in Fig. 12 shows crack length, a, vs number of cycles, N, for the initial 
crack length 2a0 = 75 mm, indicating N close to 100 Kcyc for crack 
length 2a = 230 mm. Also, one can see that after 67 Kcyc crack started to 
grow through stringer, as well, reaching length 120 mm after 95 Kcyc. 
Comparison of crack length, a, vs number of cycles, N, is given in Fig. 13, 
indicating significant increase in residual life of P+4S, especially if 
loading is applied on stringers (50, 78, 95 Kcyc for BM, skin loaded and 
stringer loaded P+4S, respectively). In this way we have also verified the 
comparison given in Figs. 8 and 9, where different initial crack lengths 
were used for BM and P+4S+3C (2a0 = 14 mm) and P+4S (2a0 = 75 
mm). 

3. Numerical simulation of fatigue crack growth 

Numerical simulation of panels by using xFEM has been presented in 
more details in [8,9,33], whereas here only the most important results 
and findings will be shown for AA6156 T6 and crack length 2a = 14 mm. 
To start with, Fig. 14 presents comparison between the experimental and 
numerical results for AA6156 T6 BM, indicating good agreement, as well 
as conservative approach of xFEM, [8]. The maximum force was Fmax 
= 112.95 KN, while the load ratio R = 0.146 was determined on the 
basis of average minimum tensile force. Coefficients in Paris law, m =
3.174 and C = 1.772E-12 were determined in previous experimental 
research, as explained in [5–9]. Units are defined in accordance with 
Paris law, da/dN = C(ΔK)m, with a in mm and ΔK in MPa√m. 

One important issue covered in [8,9] was about the effect of FE mesh 
size. Three different sizes were used, 1 mm, 2 mm (two options, with toe 
modelling and without it) and 4 mm, to evaluate FCG in P+4S, Fig. 15. 
One can see that the finest mesh size predicts the lowest number of 
cycles, while meshes with 2 mm and 4 mm are in good mutual 

Fig. 5. CTOD (δ5) reference points for measurement by DIC.  

Fig. 6. Schematic presentation of the clip in a panel.  

Fig. 7. Panel with 4 stringers and 3 clips after failure.  
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agreement (N close to 300 Kcyc), but still rather conservative compared 
to the experimental results (420 Kcyc). This issue is still open, since 
numerical prediction is a bit too conservative. One should also notice 
that different properties in different welded joint zones were not taken 
into account in this analysis. 

Figs. 16 and 17 present two characteristic crack growth moments, 
after 60th and 117th steps for mesh 2 mm, and 88th and 278th for mesh 
4 mm. Since the appearance of crack growth looks more realistic for the 
mesh 2 mm, this one was chosen for modelling of P+4S+3C. 

The P+4S+3C was modelled with mesh 2 mm, in the same way as in 
the case of P+4S. Crack was propagated in 91 steps, with 2 mm in
crements in each step. After 14 steps, as shown in Fig. 18a, the first clip 
began to deform along its length. At the same time, crack continued to 
grow through the base metal plate, along the weld, reaching the wall of 
the right and left stringer after 91 steps, Fig. 18b, and starting to grow 
also through the stringers. One should notice that clip is practically not 
deformed, contrary to stringers, making important difference, since it 
reflects on the number of cycles and life of the panel. 

Fig. 8. Fatigue Crack Growth rate vs crack “left” length, 2a0 = 14 mm (blue), 2a0 = 75 mm (red). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 9. Fatigue Crack Growth rate vs crack “right” length, 2a0 = 14 mm (blue), 2a0 = 75 mm (red). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Fig. 10. Crack length a vs number of cycles N, a) P+4S+3C, b) Comparison BM and P+4S+3C.  
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Fig. 11. Comparison of BM and P+4S+3C, a) FCG rate vs stress intensity factor range, b) Crack length vs number of cycles.  
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Fig. 12. Crack length vs number of cycles for the initial crack length 2a0 = 75 mm.  

Fig. 13. Crack length vs number of cycles for BM and P+4S, loaded via stringer and skin.  

Fig. 14. Numbers of cycles obtained in experiment and xFEM simulation (base metal T6), [8].  
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Fig. 15. Crack length vs number of cycles for P+4S, different mesh sizes, [9].  

Fig. 16. Mesh 2 mm: a) 60 steps, crack begins to spread along the stringer, b) 117 steps, first and second stringers are damaged, [9].  
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Results for crack length vs number of cycles are shown in Fig. 19, as a 
comparison between P+4S and P+4S+3C. One can see that the number 
of cycles for panel with additional 3-clips is higher than for panel with 
just 4-stringer, (278,476 cycles vs 264,958) cycles, improving fatigue 
life for just 5 %. One should also notice that P+4S+3C is performing 
somewhat better than P+4S, which can be explained by the fact that 
numerical simulation did not take into account HAZ effects, which are 
dominant in the plate with clips, as shown in experimental analysis. 
Anyhow, the life improvement obtained by clips does not justify 
complicated and expensive production of panels with clips. 

4. Discussion 

Following aspects of the investigation of fatigue crack growth in 
different panels are now discussed:  

• The effect of stringers on residual life of panels.  
• The effect of initial crack length.  
• How well xFEM can simulate FCG?  
• Why welded clips seemingly do not work? 

Experimental results clearly indicated significantly longer life of 
panel with stringers, since the number of cycles were more than doubled 
(420 Kcyc vs 195 Kcyc for initial crack length 14 mm), but not in the case 
for panels stringers and clips (220 Kcyc). The most probable reason for 
this unexpected result is low resistance to crack growth of HAZ due to its 
unfavourable microstructure after LBW. 

Testing of BM and panels with 4 stringers with longer cracks (75 mm) 
confirmed the effectiveness of stringers in prolonging panel life, almost 
2 times (95 Kcyc vs 50 Kcyc), similar to the “short” crack case (14 mm). 

Numerical simulation by xFEM provided good agreement with the 
experimental results for BM and panels with stringers only, as shown in 
detailed analysis given elsewhere [7,9]. Contrary to that, in the case of 
clips panels with 4 stringers and 3 clips, number of cycles was higher 

than for panel with just 4-stringer, (278 Kcyc vs 265 Kcyc) cycles, 
improving fatigue life for cca 5 %, whereas experimental results indi
cated significantly shorter life (225 Kcyc vs 420 Kcyc). Most probably, 
this is caused by the fact that HAZ was not modelled, so the crack was 
growing through the base metal (along the welded joint), which pre
sumably has much higher crack growth resistance. 

As already explained, both experimental and numerical results 
indicate that HAZ is the most probable cause of the fact that welded clips 
failed to improve panel residual life. One can argue that LBW, used here 
to weld clips and panel, produces unfavourable properties of HAZ due to 
its high energy, being otherwise significant advantage of a welding 
process. Also, one should keep in mind that stringer welded joints are 
perpendicular to crack growth, whereas crack grows in direction of clips 
welded joints. In other words, it is not justified to increase production 
costs with additional welding of 3 clips, even if some beneficial effect (as 
predicted by xFEM, but to small extent) is obtained. 

5. Conclusions 

Based on the results presented in this paper, one can conclude the 
following:  

1. Stringers significantly increase life of a panel, since the number of 
cycles were more than doubled (420 Kcyc vs 195 Kcyc for initial 
crack length 2a0 = 14 mm and 95 Kcyc vs 50 Kcyc for 2a0 = 75 mm).  

2. Clips failed to do the same (220 Kcyc for initial crack length 2a0 = 14 
mm) presumable due to low resistance to the crack growth of HAZ, 
which presumably was the region of crack growth.  

3. Numerical simulation by xFEM provided good agreement with the 
experimental results for BM and panels with 4 stringers, but not for 
panels with 4 stringers and 3 clips, due to the fact that HAZ was not 
modelled, enabling unrealistic crack growth through the region of 
higher crack growth resistance. 

Fig. 17. Mesh 4 mm: a) 88 steps, crack begins to spread along the stringer, b) 278 steps, third and fourth stringers are damaged, [9].  
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Fig. 18. Central crack: a) 14 steps, b) after 91 steps of growth, [9,33].  

Fig. 19. Crack length vs number of cycles for P+4S and P+4S+3C [33].  
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[26] Božić Ž, Schmauder S, Wolf H. The effect of residual stresses on fatigue crack 
propagation in welded stiffened panels. Eng Fail Anal 2018;88:346–57. https:// 
doi.org/10.1016/j.engfailanal.2017.09.001. 
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[31] Samadian K, Hertelé S, De Waele W. Measurement of CTOD along a surface crack 
by means of digital image correlation. Eng Fract Mech 2019;205:470–85. 

[32] Patil AB, Toppo SP, Singh RKP. Digital Image Correlation (DIC) Technique for 
Fatigue Crack Growth Analysis Using ΔCTOD Criteria. Int J Eng Technol 2018;7: 
1362–4. 

[33] Grbovic A, Sedmak, Petrovski B, Sghayer A, Sedmak S, Razavi J, Berto F. Effect of 
welded clips on fatigue crack growth in AA6156 T6 panels, Structural Integrity 
Procedia, 2022;39:786-791. 

A. Sedmak et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0142-1123(22)00416-9/h0005
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0005
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0005
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0010
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0010
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0010
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0015
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0015
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0015
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0020
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0020
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0020
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0030
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0030
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0030
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0035
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0035
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0035
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0040
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0040
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0040
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0045
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0045
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0050
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0050
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0055
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0055
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0060
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0060
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0060
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0065
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0065
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0065
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0070
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0070
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0070
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0075
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0075
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0075
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0080
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0080
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0085
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0085
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0090
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0090
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0090
https://doi.org/10.1016/j.engfailanal.2020.104508
https://doi.org/10.1016/j.engfailanal.2020.104508
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0100
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0100
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0100
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0105
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0105
https://doi.org/10.1016/j.ijfatigue.2022.106727
https://doi.org/10.1016/j.ijfatigue.2022.106727
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0115
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0115
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0115
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0120
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0120
https://doi.org/10.1016/j.engfailanal.2017.09.001
https://doi.org/10.1016/j.engfailanal.2017.09.001
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0135
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0135
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0135
https://doi.org/10.1016/S0013-7944(02)00028-0
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0145
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0145
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0150
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0150
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0150
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0155
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0155
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0160
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0160
http://refhub.elsevier.com/S0142-1123(22)00416-9/h0160

	The effects of welded clips on fatigue crack growth in AA6156 T6 panels
	1 Introduction
	2 Experimental research
	3 Numerical simulation of fatigue crack growth
	4 Discussion
	5 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	References


