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1. Introduction 

Engineering machines and components are prone 

to structural failures during their service time due to certain 

technical reasons. The technical breakdowns sometime lead 

to high economic imbalance and can also be fatal to life and 

property. The unfortunate failures are often due to some 

flawed engineering manufacturing techniques or even due 

to material failure [1]. 

Predicting the failure and evaluating the breakage 

characteristics of engineering components are crucial in de-

termining the life of the component and also increase their 

maintenance and safety in daily life. The fundamental ne-

cessity is to analyse these structural failures with a hope of 

obtaining a certain set of results which might be helpful in 

the improvements of the structural integrity of the compo-

nents. The analysing and predictions of material failures can 

be attained through experimental and numerical simulations 

in tandem. 

This research study deals with the modelling and 

numerical simulations of an aluminium alloy specimen in 

3D stress-state and thereby predicting the fatigue failure of 

the material subjected to external cyclic loadings. To predict 

the failure of a component, a specimen with an induced hole 

can be evaluated through cyclic loading process. It is based 

on the fact that the presence of a holes tends to modify the 

stresses present locally on the component that the elastic de-

formation and the stresses attributed with them are totally 

insufficient for the design against fracture. It is based on the 

assumption that the specimen undergoes complete fracture 

when the hole reaches its critical size even though the stress 

at the critical area is much lower than the yield stress of the 

component. The critical size of the hole is based on the ap-

plication of the load and the number of load cycles it under-

goes. [2]. 

The main aim of this research is to present and val-

idate the numerical method for the study of the influence of 

holes present in the engineering components. Finite element 

method was applied for numerical simulation. In this study 

the tension, torsion, combined tension-torsion and fatigue 

loads was applied. The experimental testing data of mechan-

ical properties was used in numerical simulation as input 

data. This research study investigates the three-dimensional 

stress-strain state and fatigue prediction of D16T aluminium 

alloy which is predominantly used in the aerospace and au-

tomobile industries for their high strength-to-weight ratio 

and much better physical properties. The different specimen 

models are then analysed and the most efficient one was se-

lected for the preliminary experimental tests. 

 

2. Experimental testing of Aluminium alloy 

2.1. Material 

 

The material which is considered in this research 

study is D16T GOST 4784-97 aluminium alloy which is 

equivalent to the Al-alloy EN AW-2024. This material is a 

modified version of duralumin alloy D16 and can also be 

modified to certain specific dimensions according to the ap-

plications. The material D16T are predominantly used in the 

aerospace and mechanical industries and its applications 

vary from miniature technical components to large scale-

equipment. The material D16T is produced by modifying 

certain parameters of duralumin which consists of 90% of 

pure Al, 4% of Cu, 1% of Mg and 0.5% to 1% Mn. The 

temperature of the duralumin alloy increased to about 5000 

C in the manufacturing process, followed by immediate 

quenching in water. The mechanical properties are pre-

sented in Table 1. 

Table 1 

Mechanical Properties of D16T Al-alloy [3] 

Mechanical Property Data 

Yield Strength, MPa 320 

Ultimate Strength, MPa 530 

Density, kg/m3 2770 

Young’s Modulus, MPa 70000 

Elongation percentage, % 10.5 – 10.9 

Brinell Hardness, - 144 

 

2.2. Test specimen 

 

Tensile tests were performed according to ASTM 

E8/E8M standard recommendations. 4 mm diameter speci-

mens were machined for the tensile test. Three specimens 

were produced from D16T Al-alloy for the tensile tests. The 

specimens were produced according to the type of testing 

employed on them. The tensile test specimen shown in Fig. 

1 has a solid cylindrical structure [3]. 

 

2.3. Test specifications 

 

The tensile tests are done on the Tinius Olsen 

H25KT testing machine in the Mechanics' Laboratory of the 

Faculty of Mechanical Engineering and Design, Kaunas 

University of Technology, Kaunas, Lithuania. The Tinius 

Olsen H25KT is a Universal Testing Machine (UTM) with 

a load capacity of 25-kN. 

Three of the test specimens from D16T Al-Alloy 

(Fig. 1, b) were experimentally tested in the Tinius Olsen 
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H25KT strength testing machine using a quasi-static uniax-

ial tension method. Each of these specimens was tested with 

uniform parameters one after another to achieve maximum 

linear results. 

  

                              a                                   b 

Fig. 1  Schematic drawing: a) laboratory produced; b) speci-

men for the experimental tensile test 

The specimen was then loaded with a uniaxial 

quasi-static tensile force at a displacement-controlled rate of 

1.5 mm/min. The constant displacement-controlled loading 

was achieved with the help of a servo motor until the failure 

of the component through fracture occurs. The displace-

ment-controlled loading of 1.5 mm/min was taken as an ar-

bitrary value suitable for testing tensile specimens. Impera-

tive parameters of the tension test are presented in Table 2. 

Table 2 

Imperative parameters of the tension test 

Property Specifications 

Test method Uniaxial quasi-static tension 

Loading type 
Displacement-controlled 

(1.5 mm/min) 

Duration of the load Until breakage 

Specimen length (total) 80 mm 

Specimen length (testing region) 25 mm 

Specimen diameter (at the grips) 8 mm 

Specimen diameter (testing re-

gion) 
4 mm 

 

The lateral and longitudinal deformation of the 

specimen through the application of the tensile load was 

measured optically by a camera pointing straight at the test-

ing zone and the various displacement values were pre-

sented in the system inbuilt software through optical exten-

someters with reference to the markings on the specimen. 

The above Fig. 2 is a photograph of the mounted 

specimen before loading captured by the GigE Cam port 1 

(17 frames per second) inbuilt in the Tinius Olsen machine. 

The Fig. 3 shows the various measurement tracking of the 

extensometer gage length corresponding to the markings 

made on the specimen.  

The displacements which occur due to the tensile 

loading are measured using the tracker employed by the ex-

tensometer strain gages which measure the longitudinal dis-

placements of the specimen. The extensometer tracker is 

manually placed on the markings made on the specimen and 

will measure the displacements corresponding to the mark-

ings. A total of nine sets of extensometer markings were 

made on the specimen just to ensure maximum accuracy for 

the measurements 

 

Fig. 2 Extensometer references on the specimen 

The loading would stop immediately once the 

specimen reached its final and critical point of fracture. This 

critical loading point was stored in the system software and 

the different values corresponding to the engineering 

stress/strain parameters were obtained. The various results 

corresponding to the tensile tests of the three specimens 

were obtained from the system inbuilt software. 

 

Fig. 3 Fractured specimens after batch experimentation 

The above Fig. 3 is a photograph of all the three 

fractured specimens through the tensile load until breakage. 

All the three specimens were loaded uniformly with a quasi-

static uniaxial tensile load at room temperature and the all 

three recorded almost similar values of maximum force and 

ultimate stress. 

 

2.4. Experimental results 

 

The various results like stresses, strain %, displace-

ments and forces can be obtained by the software inbuilt in 

the Tinius Olsen testing machine. The testing results are pre-

sented in Table 4. The values obtained from the testing ma-

chine are the values that relate to the Engineering stress-

strain curves and these values are converted to True stress-

strain data for further implementation in the numerical 

study.  

The conversion from the Engineering stress-strain 

data to the True stress-strain data was of major importance 

since the Engineering stress-strain data assumes that the 

cross-section of the given specimen was a fixed variable. 

The True stress-strain data takes into account the implicit 

change in the cross-section of the specimen at different 
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stages of the test, hence the data obtained from this curve 

serves as central information for the input in the numerical 

study. 

Table 4 

Imperative results of the experiment 

Variable Specimen 1 Specimen 2 Specimen 3 

Maximum force, N 8830 8900 8520 

Ultimate stress, MPa 450 453 434 

Break-distance, mm 9.31 9.32 8.96 

 

The values of the Engineering strain are converted 

to True strain data by using the formula: 

 

0

L
T

d L
ln ,

LL


 
 = = 

 
 (1) 

 

0

0

,T

LL
nl

L


 + 


=  


 (2) 

 

( ) ,1T Eln = +  (3) 

 

where: L0 is initial length; ΔL is change in length. 

The values of the Engineering stress are then con-

verted to True stress values depending on the values of the 

true strain data. 
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where: T  is the true stress; T is the true strain; E is the 

engineering stress [12]. 

Hence the values of True stress and True strain for 

these specimens are plotted against each other for determin-

ing the yield point of the material under quasi-static uniaxial 

tensile load. 

 

Fig. 4 Stress-strain plot of specimen 

The above Fig. 4 is the plot of the Stress against 

Strain for Specimen 1. This plot also gives a comparison of 

the Engineering stress-strain plot and the True stress-strain 

plot. The two curves almost seem equivalent in the elastic 

region due to the quasi-static type of loading while they de-

viate after the material starts yielding, and this non-equiva-

lency is characterized by the strain rate after the yield point 

[5]. 

It is of substantial consideration that the yield 

stress of the material (D16T) is to be calculated from these 

plots so as to input the data into the numerical study, hence 

the evaluation of the yield stress of the material is done with 

the help of rudimentary engineering techniques. 

 

2.5. Evaluating the yield stress of the material based on the 

experimental results 

 

The fundamental procedure used in the evaluating 

of the yield stress of the material is the implementation of 

the 0.2% offset proof stress on the plot. 

 

Fig. 5 Proposed evaluation plot of yield stress [2] 

The Fig. 5 depicts the method for determining the 

yield stress by using the 0.2% offset approach which utilises 

a parallel line to the stress-strain curve. 

 

Fig. 6 0.2 % offset proof stress 

The Fig. 6 is a plot of True stress against True 

strain along with the 0.2% offset proof stress. The 0.2% 

proof stress is the quantity of stress that results from 0.2% 

of plastic strain of the material under tension.  

This method is undertaken since the stress point at 

which the material transits from elastic state to plastic state 

is not vivid. This method utilizes the construction of another 

parallel line offset to the elastic region by 0.002 mm/mm or 

0.2%. The yield stress can then be evaluated by the inter-

secting point of the offset line with the stress-strain curve. 

In this case, the offset line is set to intersect the True stress-

strain curve at approximately 320 MPa. Albeit, from the 

plot, it is evident that the maximum ultimate stress is ap-

proximately 530 MPa [6]. 
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3. Computational results 

The numerical simulations were carried out to sim-

ulate the mechanical behaviour of the experimental models 

under quasi-static uniaxial tensile load. A three-dimensional 

constitutive model was developed using the CAD software 

SOLIDWORKS®. The three-dimensional geometries were 

constructed using the data based on the experimental setup 

and were up to the scale. The constitutive model was then 

solved for Static Non-linear conditions taking into consid-

eration the results of the experimental tests. The finite ele-

ment modelling of the geometry was intricately done using 

physics-based meshing techniques for accurate results. The 

boundary conditions of the model were similar to the loads 

and constraints are given to the experimental specimens. 

The finite element method approach was carried 

out on the tubular specimen with a 2 mm central hole in the 

prospect of investigating the stress direction on hollow cy-

lindrical structures of D16T Al-alloys. The model prepared 

for analysis is presented in Fig. 7, a. The von – Mises stress 

criterion was observed for the specimen under three differ-

ent loading conditions, tension, torsion and combined load; 

and the stress variables were observed at three distinct 

points –Initial load (a), at yield load (b) and at the fracture 

point (c). 

The mechanical properties of the material (D16T 

Al-alloy) used in the numerical simulations are input in the 

SOLIDWORKS material library as a custom material and 

the various such properties are determined in the experi-

mental results. 

 

 a            b                c 

Fig. 7 Isometric view (a); schematic diagram (b); section 

view (c) of the specimen used in the numerical simu-

lations 

The material stress-strain data for the static non-

linear numerical study is assigned to the simulation model 

and the value starts with the yield limit of the material under 

tension and goes on till the ultimate stress so as to generate 

a Non-linear model for the simulation. The Finite Element 

Model was created using physics-based meshing techniques 

and the meshing was increased in the areas of major concen-

tration. The shape of the finite elements used in this simula-

tion was tetrahedral shaped elements with a mid – node ca-

pability to increase the accuracy of the solution. The type of 

constraint used in this numerical study is a fixed support 

constraint which is a constant for all the three types of load-

ing conditions. The fixed support constraint is applied on the 

lower face of the model thereby, constraining all the degrees 

of freedom of the lower part of the component. 

The numerical study is solved for static Non – lin-

ear conditions for all the three types of loadings: a) tension, 

b) torsion and c) combined loads, since major importance is 

given for the behaviour of the material after the yielding 

point. The non – linear material data is obtained from the 

results of the experiments under tensile loads. The time 

steps of the study are kept constantly at 1 second and the 

time increments are kept at a fixed rate of 0.075 seconds. 

The numerical study is solved in large displacement mode 

along with the large strain mode. The type of solver used in 

the numerical simulations are FFEPlus solver which em-

ploys an iterative approximation technique by assuming a 

solution and then iterating the errors until the solution con-

verges with the accepted errors. Owing to its relatively low 

memory usage and use of iterative approximation methods, 

the numerical simulation is solved using FFEPlus solver 

over other direct solving techniques. 

 

3.1. Results of the tensile study 

 

The tubular specimen with a 2 mm central hole is 

solved for uniaxial static non – linear conditions for a tensile 

load of 5000 N applied on the top face of the specimen. This 

force of 5000 N is gradually applied to the model in steps of 

13 increments and the load increases in increments until fail-

ure. An initial load of 5000 N is applied on to specimen for 

the tension study. The von – Mises stress criterion was ob-

served for the applied tensile loads at three distinct stress 

points: (a) initial loading, (b) when the material starts to 

yield and (c) at the fracture point and are presented in Fig. 8. 

 

a   b  c 

Fig. 8 Equivalent von-Mises stress contours at the hole at 

three distinct points for the tensile loading, initial 

loading (a), when the material starts to yield (b) and 

at the fracture point (c) 

The change in the shape of the model prior to the 

loading conditions adheres to the experimental results of the 

specimen under tension and the elliptical distribution of the 

von – Mises stress contours along the circumference of the 

2 mm central hole for tensile load evidently obeying the 

general elasticity theory [5].  

The results of the static uniaxial tensile Non-linear 

numerical study versus von-Mises stress are presented in 

Table 6. 

It is evident from these values that the transition of 

the material from the elastic to elastic-plastic region and 

elastic-plastic to completely plastic region is continuous, 
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there was a sudden decline of the structural integrity of the 

model and an enormous increase in the stress-state due to 

the presence of the 2 mm hole; the prediction of the failure 

can be assessed by evaluating the direction of the stress con-

tour along the sides of the hole [7, 8]. 

Table 6 

Results of the static uniaxial tensile non-linear  

numerical study 

Load, N von-Mises stress, MPa 

375 75.3 

750 151 

1125 226 

1500 301 

1875 317 

2250 324 

2625 332 

3000 342 

3375 351 

3750 363 

4125 420 

4500 485 

4875 539 

 

The Fig. 9 gives a clear understanding of the 

change of stress – state with incremental loadings in a ten-

sile simulation owing to a slow rate of deformation at the 

yield stage and a growing rise in stress due to the presence 

of notches (holes) which contributes to a major portion of 

the failure of the model at higher loads. At the point where 

the material starts to yield, the steady-slow rate of change of 

von-Mises stress with increasing load is characterized by the 

distribution of stress around the stress concentration zone 

where the increase in stress value is almost constant owing 

to the behaviour of plastic yielding. 

 

Fig. 9 Load step vs Equivalent von-Mises stress at the hole 

plot from tensile simulation 

3.2. Results of the torsional study 

 

The tubular specimen with a 2 mm central hole is 

solved for static non – linear conditions for a torsional load 

of 8 Nm in the clockwise direction applied on the top face 

of the specimen. This moment of 8 Nm is gradually applied 

to the model in steps of 13 increments (as explained in the 

paragraph 3.1). 

The Fig. 10 gives a depiction of the non-linear 

stress distribution contours due to an incremental torsional 

load of 8 Nm in the clockwise direction leading to the sud-

den twisting of the area around the central hole with an in-

crease in the load after the yield point of the material. In 

Table 7 the results of the static torsional non – linear numer-

ical study at different load steps is presented. 

 

a  b   c 

Fig. 10 Equivalent von-Mises stress contours at the hole 

 at three distinct points for torsional loading, initial 

 loading (a), when the material starts to yield (b) 

 and at the fracture point (c) 

 

From the Table 7 values, it is obvious that the rise 

in the strain rate is rapid after the material’s yielding point, 

which adds up to the decline of the structural strength under 

such loading conditions in the presence of a crack, where 

the stresses produced in the plasticity zone are much more 

than those produced before the yield point. The change in 

the size and shape of the component under torsional loads 

are acceptable and obeys the fundamental laws of elasticity 

and crack propagation theory [2, 9]. 

Table 7 

Results of the static torsional non- linear numerical study 

Load, Nm von-Mises stress, MPa 

0.615 65.7 

1.23 131 

1.845 197 

2.46 263 

3.075 311 

3.69 321 

4.305 326 

4.92 333 

5.535 349 

6.15 391 

6.765 430 

7.38 469 

7.995 502 

 

The Fig. 11 shows the plot of load against stress 

where we can see a steady exponential rise in the stress state 

up to the yield point of the material and an unstable rise at 

the plastic zone. 

 

3.3. Results of the combined tension-torsion study 

 

The tubular specimen with a 2 mm central hole is 

solved for static non-linear conditions for both tensile load 

of 5000 N and torsional load of 8 Nm in the clockwise di-

rection applied on the top face of the specimen. This com-

bined force is gradually applied to the model in steps of 13 

increments. 
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Fig. 11  Load step vs equivalent von-Mises stress at the hole 

plot from torsional simulation 

The resultant stress values obtained from the sim-

ulation employing combined loading provides a different 

evaluation of the stress shape and direction in Fig. 12. It is 

seen that the elliptical stress contours occurring due to the 

presence of the tensile force gets carried away with the twist 

angle due to torsion.  

 

        a     b      c 

Fig. 12  Equivalent von-Mises stress contours at the hole at 

three distinct points for the combined tension-tor-

sion loading, initial loading (a), when the material 

starts to yield (b) and at the fracture point (c) 

Table 8 

Results of the static torsional non – linear numerical study 

Load, Nm  Load, N von-Mises stress, MPa 

0.62 375 101 

1.23 750 201 

1.85 1125 292 

2.46 1500 322 

3.08 1875 334 

3.69 2250 350 

4.31 2625 378 

4.92 3000 486 

5.54 3375 541 

6.15 3750 577 

 

The axial load of 5000 N is applied to the model in 

order to decrease the condition of hole closure and it is to be 

noted that, from the Fig. 13, the resultant stresses which cor-

responds to the application of the axial load is much smaller 

than that of the torsional load because of the shearing nature 

of the torsional load [10]. One can also note that the pres-

ence of “neck” occurs early when compared with the con-

ventional single-acting loads. The neck region is prone to 

excessive deformations with the application of tensile and 

torsional loads in tandem and the direction of the stress is 

seen making an angle with the torsional angle of twist. The 

results of the static torsional Non – linear numerical study 

at different torsional load steps is presented in Table 8. 

In the combined loading study, the contour point at 

which the load sections are separated are assumed to be the 

critical load points of the tensile and torsion loads. This 

study is done to reveal the influence of non-proportional 

loading (tensile and torsional) for cylindrical (axisymmet-

ric) components to predict the stress direction and propaga-

tion [11]. 

 

a 

 

b 

Fig. 13 Plots of tension load vs equivalent von-Mises-stress 

at the hole region (a), torsional load vs equivalent 

von-Mises stress at the hole region (b) for the com-

bined tension-torsion loading study 

 

3.4. Results of the combined load fatigue study 

 

The fatigue simulation for the hollow specimen 

was done in SOLIDWORKS by utilising its implicit method 

of solving linear and non-linear fatigue damage. The same 

input load data which was given in the combined-load sim-

ulations was set as the boundary conditions for the fatigue 

simulations. The tensile load steps until 4000 N and tor-

sional load steps until 7 Nm are given from the combined 

loading setup as the input for the fatigue study for evaluating 

the fatigue life and damage. The alternating stress is com-

puted using the equivalent von-Mises stress and the mean 

stress correction uses the Goodman method. 

The Fig. 14 is the representation of the fatigue S-N 

curve (the Wohler curve) for the material D16T Al-alloy in-
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corporated in the SOLIDWORKS materials library. The 

values of these curves are based on experimental data and 

each of those stress amplitude values corresponding to the 

number of applied load cycles are presented in the Table 9. 

The stress amplitude of 294 MPa for 1E3 cycles with a con-

stant amplitude (LR = 0) loading ratio is simulated. 

 

Fig. 14 S-N curve of D16T Al-alloy 

Table 9 

Fatigue S-N curve data 

No. of Cycles Stress amplitude, MPa 

100 645.6 

200 497.2 

500 366.1 

1000 294.3 

2000 239.9 

5000 188.0 

10000 158.3 

20000 137.3 

50000 114.5 

100000 100.9 

200000 88.8 

500000 76.7 

1000000 70.0 

 

a   b 

Fig. 15 Damage percentage contour normal view (a), iso-

metric view (b) 

The Fig. 15 illustrates the fatigue damage area in 

the stress concentrators which are given in the overall per-

centage for the combined tension-torsion load for a load 

cycle of 1E3 cycles. The maximum damage areas are clearly 

visible which are inclined at an angle to the lateral plane of 

the stress concentrators due to the effect of torsional and ten-

sile loads. The fatigue study is done in order to present the 

vulnerable regions in the stress concentrators which might 

predominantly affect the component leading to its failure in 

lower cycles (1E3 cycles) of stress amplitudes. 

The Fig. 16 shows the contour of fatigue life 

around the stress concentrator and it can be observed that 

the fatigue life at the hole is 5.9e4 cycles due to the intensity 

of stress acting at an angle to the lateral hole region due to 

the combined action of torsion and tension. 

 

 a   b 

Fig. 16 Fatigue life contour normal view (a), isometric view 

(b) 

4. Conclusions 

The research studied the influence of holes present 

in the engineering components and an experimental study 

was carried out which was then attempted against numerical 

simulations. The tensile test was implemented for the exper-

imental tests and the resultant material properties of the 

D16T alloy was evaluated and translated into data which are 

the fundamental inputs for attempting the FEM. The finite 

element models were created and the various simulations 

like tension, torsion, combined tension-torsion and fatigue 

tests were simulated with the hollow cylindrical model and 

the distinct stress-strain contours are evaluated in the stress 

concentrators at three distinct points of loading (initial load-

ing, at the yield point and at the fracture point). The fatigue 

damage contours and the vulnerability in the stress concen-

trator regions for the fatigue life are presented with for 1e+3 

cycles of constant amplitude loading. 

For all the three different type of loadings, it is ob-

served that the maximum stress and failure direction occurs 

in the plane of the principal stress corresponding to the dif-

ferent modes (I, II and III) of failure for Al-Alloy D16T 

which has a partial brittle nature and the stress-strain results 

of the material under these loading modes are presented. 

This research study provides necessary information of the 

material characteristics by approximating its load-defor-

mation behaviour for lab-scale tension, torsion, combined 

and fatigue loads thereby, serving as an initial tool in deter-

mining the failure prognosis of D16T. Due to the limited 

resources of the experimentation, the research study limits 

itself to the tensile experiments but provides necessary data 

for future experiments on LCF and HCF fatigue tests for an 

in depth analysis and failure predictions of D16T aluminium 

alloy. 
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STRESS-STRAIN STATE ANALYSIS AND FATIGUE 

PREDICTION OF D16T ALLOY IN THE STRESS 

CONCENTRATION ZONE UNDER COMBINED 

TENSION-TORSION LOAD 

S u m m a r y 

Engineering components undergo structural failure 

in their lifetime due to repetitive loads and therefore cause 

imbalance in their assembly and compromise their further 

process. Hence identifying the failure prone areas and pre-

dicting the failure modes are of significant importance in or-

der to reduce the risk of damage and improve their working 

lifetime. An experimental approach was implemented and 

the data was attempted against finite element method-based 

numerical simulations. An experimental procedure was car-

ried out on D16T Al-alloy specimens to study their mechan-

ical behaviour and to determine their physical characteris-

tics. The mechanical properties obtained from the experi-

mental study are then attempted against apparent finite ele-

ment modelling techniques and the material's constitutive 

behaviour are presented for the tension, torsion and com-

bined tension-torsion loads. The various stress-strain state 

results of the simulations were used in determining the fa-

tigue predictions and the influence of the presence of holes 

in the engineering components are demonstrated. 

Keywords: stress concentration, finite element method, fa-

tigue, tension-torsion load. 
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