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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 

Aircraft structure is the most obvious example where functional requirements demand light weight and strong structures. Shape 
and sizing optimization are being increasingly used nowadays for designing lightweight structural components. The aim of this 
paper is to present optimization of I-section integral wing spar made of aluminum 2024-T3. The efficient design, based on 
optimum fatigue life, was achieved using Extended Finite Element Method (XFEM) and its ability to simulate crack growth in 
complex geometry. The computations were carried out in Morfeo/Crack for Abaqus software which relies on the implementation 
of XFEM. Shape optimization of the aircraft wing spar beam was conducted by comparing the fatigue crack growth lives for 
different cross section shapes, but constant cross section area of the spar. The analysis revealed that XFEM is efficient tool for 
complex three-dimensional configurations optimization where extended fatigue life is one of the most important objectives.  
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1. Introduction  

The shape optimization is being increasingly used to design lightweight structural components. It is also being 
used to develop localized shape strategies to restore the operational availability of ageing structural components. 
However, it is important to note that all new aircraft design and structural changes made to in-service aircraft require 
a damage tolerance analysis as outlined in the US Joint Services Structural Guidelines JSSG-2006 (1988), which 
states that all safety-of-flight critical structures should be designed using a damage tolerance analysis. The purpose 
of this requirement is to ensure that any cracks present in the structure will not cause loss of the structure for some 
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predetermined period of in-service operation. Indeed, it is essential that structures should be designed such that at no 
time in its operational life will the residual strength of the structure fall beneath limit load, according to Jones R. et 
al. (2004). 

Several types of wing spar structure have been studied and optimized in the literature (Ajith V. S. et al. (2017)). 
The efficient design was achieved by the use of strength of material approach. Girennavar M., et al. (2017) 
considered a wing spar as a beam with discrete loads at different stations. The design was carried out as per the 
external bending moment at each station. Weight optimization of the spar was carried out by introducing lightening 
cut-outs in the web region. Attempt has been made by Datta, D., and Deb, K. (2006), to design the optimum cross-
sections for load-carrying structures, using a multi-objective evolutionary algorithm, for simultaneously maximizing 
moment of inertias and minimizing the cross-sectional area. According to Jones R. et al. (2004) when designing a 
fatigue optimized structure, it was essential not only to reduce the peak stress but also to ensure that the critical 
crack lengths associated with cracks at the critical design feature were not reduced. An approach to the optimization 
of the thin-walled cantilever open section beams subjected to the bending and to the constrained torsion was 
considered by Anđelić, N., and Milošević-Mitić, V. (2007). To reduce the induced undesired stresses, a load 
carrying beam like wing spar should has its related area moment of inertia as large as possible. However, an increase 
in such moment of inertia comes with an increase in the transverse cross-sectional area and hence, the weight of the 
spar. Therefore, the maximization of moment of inertia should not take place at the cost of the excessive weight of 
the spar (Datta, D., and Deb, K. (2006)).  

The aim of research presented in this work was to design an optimized shape and size of a wing spar cross 
section based on fatigue life obtained for fatigue crack propagation phase. The task of achieving the optimal design 
was carried out by maximizing moment of inertia at constant cross-section area of the wing spar. This was done 
through a several case studies. 

2. Optimization methodology 

Under service loading, characterized by many load cycles, fatigue cracks initiate from the most severe stress 
concentrators (i.e. riveted holes) on the differential wing spar. This has been observed in experimental work of 
Petrašinović, D. et al. (2012), in which fatigue life was determined for 2024-T3 spar of light aircraft. Fatigue cracks 
appeared in the bottom caps (flanges) and then grew in a direction perpendicular to the spar web until total caps’ 
failure. Failure like this can lead to catastrophic consequences during the flight if the crack is not detected and cap 
repaired. Integral structures are more resistive to crack appearance since they don’t have many stress concentrators, 
but their shape must be carefully chosen to provide reasonable fatigue life after the crack initiation.  

Shape optimization of the integral spar was conducted by comparing the fatigue crack growth life for three 
different cross section shapes and same cross section area of the spar beam (idea was to keep constant mass of the 
spar). The first analyzed shape was I-section (used for modelling main integral spar – case A) with the same 
dimensions as the differential spar (riveted structure) used in work of Petrašinović, D. et al. (2012). The second 
shape was a channel-section (U-section spar – case B) and, finally, the third shape was I-section with intermediate 
cap (I-section with a cap spar– case C). All three shapes with dimensions are shown in Fig. 1, 2 and 3. 

First two shapes are well known and are frequently used in spar design, but I-section with a cap is somehow 
unusual and rarely used before. This shape has additional, intermediate cap at an assumed height from the bottom 
cap. In the event of fatigue crack appearance at the bottom cap, this cap may fail but the top cap, web and the 
intermediate cap should remain intact and spar could carry designed load. In this paper, case C is represented 
through three subcases, all with different dimensions (size optimization was objective, too). These subcases were 
named C1, C2 and C3. The overall dimensions of the models C1, C2 and C3 are shown in Table 1. 

3. Dimensions of analyzed models and applied displacements 

In order to applied adequate displacements at free ends of spar beam models, moment of inertia (𝐼𝐼) for each 
cross section was extracted from CATIA v5. Then, the required displacement (Δ) for each model was calculated 
using the well-known equation: 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2018.12.074&domain=pdf
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predetermined period of in-service operation. Indeed, it is essential that structures should be designed such that at no 
time in its operational life will the residual strength of the structure fall beneath limit load, according to Jones R. et 
al. (2004). 

Several types of wing spar structure have been studied and optimized in the literature (Ajith V. S. et al. (2017)). 
The efficient design was achieved by the use of strength of material approach. Girennavar M., et al. (2017) 
considered a wing spar as a beam with discrete loads at different stations. The design was carried out as per the 
external bending moment at each station. Weight optimization of the spar was carried out by introducing lightening 
cut-outs in the web region. Attempt has been made by Datta, D., and Deb, K. (2006), to design the optimum cross-
sections for load-carrying structures, using a multi-objective evolutionary algorithm, for simultaneously maximizing 
moment of inertias and minimizing the cross-sectional area. According to Jones R. et al. (2004) when designing a 
fatigue optimized structure, it was essential not only to reduce the peak stress but also to ensure that the critical 
crack lengths associated with cracks at the critical design feature were not reduced. An approach to the optimization 
of the thin-walled cantilever open section beams subjected to the bending and to the constrained torsion was 
considered by Anđelić, N., and Milošević-Mitić, V. (2007). To reduce the induced undesired stresses, a load 
carrying beam like wing spar should has its related area moment of inertia as large as possible. However, an increase 
in such moment of inertia comes with an increase in the transverse cross-sectional area and hence, the weight of the 
spar. Therefore, the maximization of moment of inertia should not take place at the cost of the excessive weight of 
the spar (Datta, D., and Deb, K. (2006)).  

The aim of research presented in this work was to design an optimized shape and size of a wing spar cross 
section based on fatigue life obtained for fatigue crack propagation phase. The task of achieving the optimal design 
was carried out by maximizing moment of inertia at constant cross-section area of the wing spar. This was done 
through a several case studies. 

2. Optimization methodology 

Under service loading, characterized by many load cycles, fatigue cracks initiate from the most severe stress 
concentrators (i.e. riveted holes) on the differential wing spar. This has been observed in experimental work of 
Petrašinović, D. et al. (2012), in which fatigue life was determined for 2024-T3 spar of light aircraft. Fatigue cracks 
appeared in the bottom caps (flanges) and then grew in a direction perpendicular to the spar web until total caps’ 
failure. Failure like this can lead to catastrophic consequences during the flight if the crack is not detected and cap 
repaired. Integral structures are more resistive to crack appearance since they don’t have many stress concentrators, 
but their shape must be carefully chosen to provide reasonable fatigue life after the crack initiation.  

Shape optimization of the integral spar was conducted by comparing the fatigue crack growth life for three 
different cross section shapes and same cross section area of the spar beam (idea was to keep constant mass of the 
spar). The first analyzed shape was I-section (used for modelling main integral spar – case A) with the same 
dimensions as the differential spar (riveted structure) used in work of Petrašinović, D. et al. (2012). The second 
shape was a channel-section (U-section spar – case B) and, finally, the third shape was I-section with intermediate 
cap (I-section with a cap spar– case C). All three shapes with dimensions are shown in Fig. 1, 2 and 3. 

First two shapes are well known and are frequently used in spar design, but I-section with a cap is somehow 
unusual and rarely used before. This shape has additional, intermediate cap at an assumed height from the bottom 
cap. In the event of fatigue crack appearance at the bottom cap, this cap may fail but the top cap, web and the 
intermediate cap should remain intact and spar could carry designed load. In this paper, case C is represented 
through three subcases, all with different dimensions (size optimization was objective, too). These subcases were 
named C1, C2 and C3. The overall dimensions of the models C1, C2 and C3 are shown in Table 1. 

3. Dimensions of analyzed models and applied displacements 

In order to applied adequate displacements at free ends of spar beam models, moment of inertia (𝐼𝐼) for each 
cross section was extracted from CATIA v5. Then, the required displacement (Δ) for each model was calculated 
using the well-known equation: 
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where P is the load applied on the spar (same for all models); E is the modulus of elasticity (same for all models, 
material 2024-T3); L is length of the spar (same for all models) and I is the moment of inertia of chosen cross 
section (values shown in Table 2).  
 
 

 

 

 

 

 

 

 

 

 

 
 

Table 1 The overall dimensions for I-section with a cap spar (shown in Figure 3). 
 

Case a1 b1 a2 b2 a3 b3 a4 b4 a5 b5 H 
C1 1.6 41.0 1.6 21.0 13.4 4.2 23.4 4.2 58.4 1.0 100.0 
C2 1.6 54.7 1.6 54.7 5.0 3.0 5.0 3.0 85.2 1.0 100.0 
C3 1.6 53.6 1.6 53.6 5.0 3.0 5.0 3.0 90.2 1.0 105.0 

# All dimensions in mm 
 

Table 2 Moments of inertia and appropriate displacements for different spars 
 

Spar category (type) No. Case No. I (mm4) Displacement (mm) 
Main integral spar 1 Case A 654,900 3.000 

U-section spar 2 Case B 558,300 3.519 

I-section with a cap spar 
3 Case C1 583,500 3.367 
4 Case C2 662,000 2.968 
5 Case C3 726,300 2.705 

 
     Value of displacement 3mm for main integral spar was chosen because exactly the same displacement was 
observed in experimental work of Petrašinović, D. et al. (2012). 

4. Results of fatigue crack growth simulations 

All simulations of cracks’ growths were performed using Morfeo/Crack for Abaqus software. This software was 
verified by many authors including Eldwaib, K. A. et al. (2017), and it proved to be useful tool in fatigue crack 
propagation analyses. In the analyses of defined spar models, the fatigue crack initiation stage was ignored since the 
emphasis was on the crack growth phase only. Two initial penny shaped cracks were inserted in all cases: one in the 
right lower cap (flange) and another in the left lower cap next to fixed end of the spar beam, where the most severe 
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stress concentration occurs. Two cracks were propagated simultaneously in cases A and C because in work of 
Petrašinović, D. et al. (2012) two cracks appeared on lower caps during the experiment with aluminium spar. In the 
case B one initial crack was used because U-section spar had only one lower cap. In this paper comparisons are 
made for cracks initiated at the same spots (left lower cap). To determine the number of cycles of displacement that 
will grow cracks to certain lengths, Paris law was integrated (Schijve, J. (2008)) using material coefficients 𝑚𝑚 = 3.2 
and 𝐶𝐶 = 2.382 × 10−12 and stress ratio 𝑅𝑅 = 0.15. Values of fatigue life obtained in simulations were later used to 
attain the optimized shape and size of the spar cross sections. 

4.1 Comparison of fatigue lives (no. of cycles) for different cases  

The variation of crack length “a” vs. number of cycles “N” of applied displacement is shown in Figure 4 for all 
analysed cases. It can be seen that the shortest fatigue life was obtained in case B where moment of inertia of spar 
beam cross section was lowest (558,300mm4) and the applied displacement was highest (3.519mm). There is almost 
constant difference (approximately 100,000) between number of cycles in case A and case B, from cracks’ lengths 2 
mm up to 21mm. Although the moment of inertia in case C1 is little bit higher than in case B and displacement is 
approximately 12% higher than in case A (see Table 2), number of cycles in C1 is a bit less than number in A, with 
the difference 5,000 – 20,000 cycles during the cracks’ growth. This is result of C1 geometry consistency and is a 
direct consequence of reinforcement achieved by adding additional flange above the lower flange.  

In case C2 number of cycles was little bit less than that in case A until cracks reached 6mm; after that, number 
of cycles in case C2 started to be bigger and bigger and for length 20mm difference was about 94,000 cycles. This 
was result of modifications in the size and position of intermediate flange (see Table 1) that led to stronger spar and 
more fatigue resistant lower area of cross section. It is worth mentioning that there was no significant difference in 
moments of inertia in cases C2 and A and, consequently, applied displacement were almost the same. 

Finally, Figure 4 shows that the longest fatigue life occurred in case C3 for which number of cycles at a=21mm 
is more than 1,000,000 cycles bigger than that in Case A. This fatigue life was obtained after height H of cross 
section C2 was increased from 100mm to 105mm (see Table 1) along with the increase of dimension a5 from 
85.2mm to 90.2mm. Newly obtained cross section C3 had significantly larger moment of inertia and consequently 
lower displacement (Δ=2.705mm) which – at the end of the day – led to the longest fatigue life. 

 
Fig. 4 Comparison of the fatigue lives (number of load cycles) for different cases 
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verified by many authors including Eldwaib, K. A. et al. (2017), and it proved to be useful tool in fatigue crack 
propagation analyses. In the analyses of defined spar models, the fatigue crack initiation stage was ignored since the 
emphasis was on the crack growth phase only. Two initial penny shaped cracks were inserted in all cases: one in the 
right lower cap (flange) and another in the left lower cap next to fixed end of the spar beam, where the most severe 
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stress concentration occurs. Two cracks were propagated simultaneously in cases A and C because in work of 
Petrašinović, D. et al. (2012) two cracks appeared on lower caps during the experiment with aluminium spar. In the 
case B one initial crack was used because U-section spar had only one lower cap. In this paper comparisons are 
made for cracks initiated at the same spots (left lower cap). To determine the number of cycles of displacement that 
will grow cracks to certain lengths, Paris law was integrated (Schijve, J. (2008)) using material coefficients 𝑚𝑚 = 3.2 
and 𝐶𝐶 = 2.382 × 10−12 and stress ratio 𝑅𝑅 = 0.15. Values of fatigue life obtained in simulations were later used to 
attain the optimized shape and size of the spar cross sections. 

4.1 Comparison of fatigue lives (no. of cycles) for different cases  

The variation of crack length “a” vs. number of cycles “N” of applied displacement is shown in Figure 4 for all 
analysed cases. It can be seen that the shortest fatigue life was obtained in case B where moment of inertia of spar 
beam cross section was lowest (558,300mm4) and the applied displacement was highest (3.519mm). There is almost 
constant difference (approximately 100,000) between number of cycles in case A and case B, from cracks’ lengths 2 
mm up to 21mm. Although the moment of inertia in case C1 is little bit higher than in case B and displacement is 
approximately 12% higher than in case A (see Table 2), number of cycles in C1 is a bit less than number in A, with 
the difference 5,000 – 20,000 cycles during the cracks’ growth. This is result of C1 geometry consistency and is a 
direct consequence of reinforcement achieved by adding additional flange above the lower flange.  

In case C2 number of cycles was little bit less than that in case A until cracks reached 6mm; after that, number 
of cycles in case C2 started to be bigger and bigger and for length 20mm difference was about 94,000 cycles. This 
was result of modifications in the size and position of intermediate flange (see Table 1) that led to stronger spar and 
more fatigue resistant lower area of cross section. It is worth mentioning that there was no significant difference in 
moments of inertia in cases C2 and A and, consequently, applied displacement were almost the same. 

Finally, Figure 4 shows that the longest fatigue life occurred in case C3 for which number of cycles at a=21mm 
is more than 1,000,000 cycles bigger than that in Case A. This fatigue life was obtained after height H of cross 
section C2 was increased from 100mm to 105mm (see Table 1) along with the increase of dimension a5 from 
85.2mm to 90.2mm. Newly obtained cross section C3 had significantly larger moment of inertia and consequently 
lower displacement (Δ=2.705mm) which – at the end of the day – led to the longest fatigue life. 

 
Fig. 4 Comparison of the fatigue lives (number of load cycles) for different cases 

4.2 Comparison of fatigue crack growth rates (𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑) for different cases 

  The slope of the crack growth curve 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 (better known as crack growth rate - CGR) is good indicator of how 
damaged structure is going to behave under given loading conditions. Using the data obtained from Abaqus, i.e. the 
coordinates of the nodes on the crack front and number of cycles evaluated for each (incremental) step of crack 
propagation,  d𝑑𝑑 d𝑑𝑑⁄  for each case was estimated. For that purpose, equation (2) was used: 
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load cycles per each step. Obtained results are presented in Figure 5 and Figure 6 
 

 
Fig. 5 Comparison of  d𝑎𝑎 d𝑁𝑁⁄  calculated per each step of crack propagation (crack length 0 – 12mm) 

 
Fig. 6 Comparison of  d𝑎𝑎 d𝑁𝑁⁄  calculated per each step of crack propagation (crack length 12 – 20mm) 

In Figures 5 and 6 significantly higher CGR values can be observed for cases A, B, and C1, compared to small 
CGRs in cases C2 and C3. For small cracks’ lengths (Fig. 5), differences in CGR values are not significant, but after 
3mm cases C2 and C3 become very different from the other three. Cases A, B and C1 have similar CGR values until 
8 mm and then main integral spar values (case A) start to grow faster than the others. Differences become even 
greater when cracks reach lengths higher than 12mm (Fig. 6), while the greatest difference can be seen at a=20mm: 
CGR in case C3 is about 2 × 10−4 𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄ , though CGR in case A is almost ten times bigger ( 2.2 ×
10−3 𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄ ).  
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It should be noted that in the cases where two cracks were propagated simultaneously (A, C1, C2, C3) behaviour of 
the second crack (on the lower right cap) varied from case to case. For example, in case C2 second crack met first 
(Figure 7) after 27 steps of propagation (cracks were propagated in steps of approximately 1mm in all five cases) and 
newly formed crack continued to grow in vertical spar wall, while in case A deformation of the spar prevented the 
growth of the second crack after 8 steps. All these findings prove that geometry of cross section significantly influences 
fatigue life of damaged structure; therefore, this matter clearly needs to be given more attention in the future. 
 

 
Fig. 7 Two cracks met on the bottom cap (case C2) 

5. Conclusions 
 
     In aircraft design, cracks’ appearance on the wing parts is allowed (as defined in so-called fail-safe design 
philosophy), but life until critical crack length must be evaluated with high confidence in order to prevent undesirable 
consequences. That’s not an easy job because in most cases cracks appear on parts with complex geometry subjected to 
variable loads during service and data on critical lengths are generally available only for simpler load/geometry 
configurations. This is reason why emphasis – in a research presented here – was on developing XFEM based 
computational method for successful crack growth life estimation. On the other hand, main goal was to obtain 
optimized size and shape (for given mass of the spar) that will significantly extend fatigue life.  

Five different shapes had been analysed (I-section, U-section and three variants of I-section with intermediate 
cap (flange)) and it was found that the optimum spar with the longest crack growth life and the lowest crack growth 
rate had I-section with intermediate cap shape (case C3). Fatigue life of this spar was nearly 1,400,000 cycles, while 
in the next best case (C2) life was significantly shorter (450,000 cycles). Typical I-section had the lowest fatigue life 
(250,000 cycles) and let’s not forget that this is spar shape used in more than 90% of the light airplanes nowadays.  

As the results of this research suggest, to increase fatigue life of light aircraft spar with intermediate cap should 
be used. It was proven that in the event of crack initiation at the bottom cap, where cracks usually appear, this cap 
will fail sooner or later, but the top cap, web and the intermediate cap will remain intact and spar could carry 
designed load much longer than any other configuration. 
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It should be noted that in the cases where two cracks were propagated simultaneously (A, C1, C2, C3) behaviour of 
the second crack (on the lower right cap) varied from case to case. For example, in case C2 second crack met first 
(Figure 7) after 27 steps of propagation (cracks were propagated in steps of approximately 1mm in all five cases) and 
newly formed crack continued to grow in vertical spar wall, while in case A deformation of the spar prevented the 
growth of the second crack after 8 steps. All these findings prove that geometry of cross section significantly influences 
fatigue life of damaged structure; therefore, this matter clearly needs to be given more attention in the future. 
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variable loads during service and data on critical lengths are generally available only for simpler load/geometry 
configurations. This is reason why emphasis – in a research presented here – was on developing XFEM based 
computational method for successful crack growth life estimation. On the other hand, main goal was to obtain 
optimized size and shape (for given mass of the spar) that will significantly extend fatigue life.  

Five different shapes had been analysed (I-section, U-section and three variants of I-section with intermediate 
cap (flange)) and it was found that the optimum spar with the longest crack growth life and the lowest crack growth 
rate had I-section with intermediate cap shape (case C3). Fatigue life of this spar was nearly 1,400,000 cycles, while 
in the next best case (C2) life was significantly shorter (450,000 cycles). Typical I-section had the lowest fatigue life 
(250,000 cycles) and let’s not forget that this is spar shape used in more than 90% of the light airplanes nowadays.  

As the results of this research suggest, to increase fatigue life of light aircraft spar with intermediate cap should 
be used. It was proven that in the event of crack initiation at the bottom cap, where cracks usually appear, this cap 
will fail sooner or later, but the top cap, web and the intermediate cap will remain intact and spar could carry 
designed load much longer than any other configuration. 
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