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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 

In the contribution, normalized stress intensity factors for three- and four-point bending specimens with a chevron notch is 
introduced by varying the chevron notch angle and length. The three- and two-dimensional models of bent chevron notched 
specimens in the software ANSYS were prepared by using possible symmetrical conditions. The 2D model was used with variable 
thicknesses of the layers representing the characteristic shape of the chevron notch (with the plane stress boundary condition). The 
numerically obtained results from the 2D and 3D solutions are compared with data from literature.  
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1. Introduction 

Knowledge of fracture mechanics parameters is of major importance in design of structural elements and structures 
themselves. For evaluation of these properties, the researchers postulated some standards ASTM E1820-16 (2016) 
recommendations RILEM (1991). For experimental tests, various geometries can be used in dependence on 
application, e.g. three point (3PBT – Korte et al. 2014) or four point (4PBT) bending tests EN 12390-5 (2009), a wedge 
splitting test (WSTLinsbauer & Tschegg 1986, Brühwiler et al. 1990, Seitl et al. 2011, Seitl et al. 2014), or a 
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combination WST/3PB - Seitl et al. (2014), Seitl &Diego Liedo (2017), a modified compact tension test (MCT - Seitl 
et al. 2017, Seitl & Viszlay, 2017). 

A four-point bending test (4PBT) EN 12390-5 (2009) is a destructive fracture test, used for testing ductile, brittle 
and quasi-brittle materials. This fracture test was upgraded by adding a chevron notch Calomino (1994) into a 
normalized cross section. The chevron notch is a V-shape notch usually cut from the bottom to the top of a specimen 
with various angles, beginnings and endings. By cutting out this type of notch, the so-called stress concentrator was 
created and the crack could propagate directly in the central plane direction of the tested specimen, because the crack 
initiates from the sharp tip of the chevron notch – see Fig. 1.A pilot study of using a 2D solution for a chevron notch 
was published by Sobek et al. in 2018 for 3PB specimens. 

The aim of this contribution is to compare stress intensity factor values obtained by using 2D and 3D numerical 
solutions for chevron notched specimens. To verify the data obtained, the numerical results were compared with the 
data known from literature Calomino (1994). 

 

Fig. 1. Studied chevron notched geometry, taken from a NASA report Calomino (1994) 

Nomenclature 

a crack length 
a0 chevron notch origin 
a1 chevron notch ending 
B thickness of the specimen 
E Young’s modulus 
G shear modulus 
K stress intensity factor 
KI stress intensity factor in loading mode I 
P loading force 
r polar coordinate – radius 
S span 
t thickness of layer 
v nodal displacement 
W width of the test specimen 
Y calibration curve (shape function) 
θ polar coordinate – angle 
κ Kolosov’s constant 
 Poisson’s ratio 
σ applied stress 
σij stress tensor component 
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2. Theoretical Background 

The theory used in this contribution is based on linear elastic fracture mechanics. The linear elastic fracture 
mechanics concept uses the stress field in the close vicinity of the crack tip described by the Williams' expansion 
Williams (1957). This expansion is an infinite power series originally derived for a homogenous elastic isotropic 
cracked body, which can be simplified (in the case of loading mode I – tensile loading) into the equation:  

, ( ) ( , ),II
i j ij ij

K f O r
r

  


      (1) 

where σij represents the stress tensor components, KI is the stress intensity factor and r, θ are the polar coordinates 
(provided in the center of the coordinate system at the crack tip; crack faces lie along the x-axis).fij are known shape 
functions, Oij represent higher order terms. 

The value of the stress intensity factor (SIF) for a finite specimen and polar angle θ = 0° can be expressed in the 
following form, Anderson (2005): 

),/( WafaKI      (2) 

where σ represents the value of the stress caused by the applied load, a represents the crack length and a/W is the 
relative crack length. The stress caused by loading in the case of a four-point bending test can be expressed as 
Karihaloo (1995): 

,2BW
PS

     (3) 

where P is applied loading force, S is the span of the tested specimen, B is the specimen’s thickness, W is the 
specimen’s width. 

2.1. Calculation Methods  

Two different methods were used to calculate the values of the stress intensity factor (SIF). In the 2D solution the 
KCALC command from the ANSYS software was used, in the 3D the direct method was used. 

Fig. 2. Extrapolation of the stress intensity factor adopted from Owen & Fawkes (1983) 

The KCALC command uses a displacement extrapolation method in the calculation. This method assumes that the 
displacement calculations are for the plane strain state. The SIF value is then calculated with regard to the symmetrical 
boundary condition by: 

,
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where G is the shear modulus, κ is Kolosov’s constant for plane strain or the plane stress condition and r is a radius 
coordinate in a polar coordinate system, v is nodal displacement. 

An extrapolation method (direct method) was used to determinate the values of SIF from 3D numerical calculation. 
This method is based on stress distribution near the crack tip, and then the value of SIF is extrapolated to the crack 
tip. The SIF for the crack tip is ascertained from an equation of a usually linear trend line fit through K(r) - values 
calculated from numerically gained stress values in nodes ahead of the crack, see Erro! A origem da referência não 
foi encontrada.. 

3. Numerical Modelling 

3.1. 3D Numerical Model in ANSYS 

A numerical model was created in the finite element (FE) software ANSYS 17.2 [ANSYS® (2016)] as one quarter 
of the test specimen with symmetrical boundary conditions. The dimensions of ¼ of a rectangular prism were span 
(S) × width (W) × thickness (B) 800 mm ×100 mm × 100 mm. The geometrical proportions were taken from a NASA 
report Calomino (1994) meaning the ratio of span/width S/W, the ratio of thickness/width B/W and the load positions, 
to compare the numerical solution with actual experimental results. The chevron notched cross section was defined 
with the following parameters: crack length a, chevron notch origin a0 and chevron notch ending a1 (Fig. 1). The 
straight through crack specimen has a relative crack length α = a/W. The variants of the chevron notched numerical 
model have a relative notch length and the surface (α1 = a1/W), and a relative notch length to the chevron tip α0 = a0/W 
see Fig. 1. 

The numerical model was loaded by force P/2 which has a magnitude 100 N. Boundary conditions were applied 
on nodes constraining nodal displacements: ux = 0 in the area which lies on the axis of symmetry, uy = 0 in the ligament 
area (straight through a crack or chevron notch) and uz = 0 on the line, where the rigid support lies. The geometry and 
boundary conditions of the numerical model are shown in Fig. 3. 

 

Fig. 3. Boundary conditions of a 3D numerical model 

The studied geometry was meshed with the element type SOLID186 taken from ANSYS’s element library. In total 
8950 elements with 14787 nodes have been used. A fine mesh was adapted around the edge, where the stress was 
ascertained for the direct calculation of the stress intensity factor (SIF). 

The material used in the presented study was Aluminium 7075-T651 with Young’s modulus E = 72.395 GPa and 
Poisson’s ratio  = 0.3, taken from the NASA report Calomino (1994). 

3.2. Calibration of the 3D model 

The 3D numerical model was calibrated, by comparison of 3D and 2D results of SIF obtained from a four-point 
bending specimen with straight through the crack. The results obtained from the 2D model with plane strain 
boundary conditions were compared to the results from the direct method conducted on the 3D numerical model 
with various Poisson’s ratios. Calibration was done for a relative crack length a/W = 0.4 and Poisson’s ratio varied 
from 0 to 0.499 (numerical calculation is not stable for  = 0.5), to see the influence of Poisson’s ratio on the direct 
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calculation of the SIF values. The influence is summarized in Tab. 1. 

    

Fig. 4. Meshed numerical model. Right: fine mesh in the middle of the test specimen. Left: axonometric view of the specimen. 

The normalized stress intensity factor is transformed into the dimensionless shape function Y, for a four-point 
bending test specimen by Strawley et al. (1976), Calomino (1994), Knésl et al. (1998), Tada et al. (2000) is determined 
through Eq.(5).(dependent on the specimen’s crack length).  

)( 21
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3

SSP
BWKY I


     (5) 

Table 1. Influence of Poisson’s ratio on KI and the shape function Y, a/W = 0.4 – straight through crack specimen 

 [-] 0.0 0.1 0.2 0.3 0.4 0.45 0.499 

KI [MPa.mm1/2] 1.4839 1.5081 1.5414 1.6009 1.6886 1.6965 1.6991 

YEQ.(5) [-] 1.8549 1.8851 1.9268 2.001 2.1108 2.1206 2.1239 

 
The shape function value for the 2D solution with plane strain boundary conditions is Y = 2.1235 for  = 0.5. The 

result from plane strain boundary conditions is formally equal to the result from the 3D model (using the direct 
extrapolation method) with = 0.5. The difference in the result with =0.499 and 2D solutions is influenced by a 
numerical error and by high deviation of the used linear trend line. Comparison of 2D, 3D and the results from 
literature for 4PB specimens is shown in Fig. 5. The difference between the 2D and 3D solutions is caused by 
transverse contraction and the influence of dead load. 

 

Fig. 5. Comparison of the 3D and 2D models with the shape functions available in literature. 

3.3. 2D Numerical Model 

Two types of 2D numerical models were conducted by using the FE software ANSYS 17.2. The dimensions and 
material properties of the 2D numerical models were the same as in the case of the 3D model. The first one was a 
basic 2D numerical model with the plane strain condition used for calculation of geometry functions Y and to calibrate 
the 3D numerical model. This model corresponds to the straight through crack case, where boundary conditions are 
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shown in Fig. 6. The other one was modeled with plane stress conditions to simulate non-uniform thickness of the 
notch layer along the height of the cross section Sobek et. al. (2017). Each layer varied in thickness (real characteristic 
in FE code). In total, 30 layers were used, because it was shown in Sobek et. al. (2018) that solutions with more than 
10 layers provide accurate and stable numerical calculation. For illustration, the division of the cross section area into 
11 specific layers is shown in Fig. 7. 

 

Fig. 6. 2D model with plane strain conditions – applied boundary conditions 

 

Fig. 7. Cross section area divided into layers. Left: thickness of each layer (red dashed line). Right: numerical model in ANSYS with thicknesses 
turned on (plane stress condition), including boundary conditions 

The element type PLANE82 (8-node element) was used to consider the stress singularity at the crack tip (with the 
option KSCON). SIF values were calculated by the command KCALC from the ANSYS software. Typical generation 
of the 2D numerical model is shown in Fig. 8, where the axonometric view is accompanied with the illustration of 
different thicknesses of layers to simulate the characteristic chevron notched test specimen. 

 

Fig. 8. 2D model with the plane stress condition – axonometric view with plotted element thickness and boundary conditions 

4. Numerical results 

4.1. Constant Chevron Notch Angle 

The SIF values were calculated for various relative crack lengths a/W and with various chevron notch origins a0/W. 
The relative crack length varied from 0.05 to 0.95, 0.25 to 0.95 and 0.55 to 0.95 respectively, because of different 
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initial crack lengths. The numerical results showed a minor difference between 3D and literature Calomino (1994). 
This difference in numerical results is caused by a transverse contraction. Fig. 9 shows the results for the chevron 
notch origin a0/W = 0.0 with two different ratios B/W = 1/2 and B/W = 1.0. The results for the chevron notch origin 
a0/W = 0.2 and 0.5 with ratio B/W = 1/2 can be found in Fig. 10. 

 

Fig. 9 Comparison of the 3D chevron results with the known literature data a0/W = 0.0 with various B/W ratios.   

 

Fig. 10. Comparison of the 3D chevron results with the known literature data a0/W = 0.2 and 0.5. 

4.2. Influence of Angle Changing of a Chevron Notch  

The numerical result showed a major difference in the 3D and 2D (non-uniform layer thickness) solutions. To see 
the influence of the changing of the chevron notch angle on the SIF value three different chevron notch origins were 
used: a0/W = 0.0; 0.2;0.5. The chevron notch angle varied by changing the ratio of the chevron notch ending a1, with 
the constant chevron notch origin a0. No crack is assumed in these cases. Thus the value a/W = a0/W for all the 
configurations. The comparison of the 2D and 3D solutions can be found in Fig. 11.  

The differences between the 2D and 3D solutions are influenced by Poisson’s ratio effect in 2D and 3D. This effect 
should not be neglected.  

5. Conclusion and Discussion 

The numerical study showed good concordance between 3D and the known literature data. This contribution also 
showed the influence of Poisson’s ratio on the SIF calculated from a 3D numerical model. This effect can be seen on 
both types (Plane strain and Plane stress) of 2D models. However, a 2D model with non-uniform thicknesses showed 
a major difference from the 3D solution. This effect should be taken into account in cases when the SIF value is 
calculated using a 3D numerical model. 
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