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Abstract 

The present work presents a new approach to study the structural integrity of railway component. This railway 
component is a gearbox housing manufactured by welding, bending, and bolting in structural low carbon steel. During 
maintenance procedures two non-expected cracks were detected through the non-destructive liquid penetrant testing; 
one in the middle of gearbox housing cover and the other in the central body of the component, near of one weld zone. 
The new approach developed in this work is divided in two parts: finite elements simulation and numerical simulation. 
The first part started by simulate the load service applying vibration analyse. Software Abaqus/CAE 6.14 © was used. 
Four different refined meshes were considered and analysed. And the membrane and bending stresses were determined 
through stress linearization of the critical vibration modes for each zone (cover and body). To the numerical simulation 
two programs in Octave language were developed. The Stress Intensity Factor Range (SIFR) and the formulation of 
standard BS 7910:2013+A1:2015 was used for embedded and superficial flaw types. The programs developed 
returned the values of SIFR for different scenarios of initial flaws position and geometrical parameters. The expected 
lifetime of the component was determined for the maximum crack depth corresponding to 75% of the zones’ thickness.  
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1. Introduction 

Mechanical components under vibrations and fatigue finite element analyses, as well as experimental analyses, 
have been conducted by several authors to assess the failure causes and to predict the lifetime under those conditions. 
Infante et al. (2003) conducted failure study in cast steel railway coupling using strain gauge data. Sonsino (2005) 
developed a methodology to investigate the premature cracking of a cast aluminum railway gearbox housing. Morgado 
et al. (2008) studied the cracking problems on the driving gearboxes of series 2600 locomotives, using loading data 
obtained service. Kumar et al. (2014) performed finite element analysis to determine the primary modes of vibration 
of a truck gearbox. Morgado (2015) performed fatigue life extension study in cast steel railway component using. And 
developed approaches to study failure in railway components using experimental stress analysis (Morgado, 2016). Hu 
et al. (2017) performed field tests and finite element analysis to identify the source of cracking of a high-speed train 
gearbox housing. Zhang et al. (2016) resorted to vibration tests, dynamic analysis, and modal analysis to study the 
cracking of a high-speed train gearbox housing. 

To assess the expected life in weld flaws under fatigue loads, several research studies have been conducted, during 
the last years. Moolwan and Netpu (2013) analyzed the result of weld flaws on the lifetime of a gearbox shaft under 
fatigue. Zyl and Al-Sahli (2013) studied the effect of a heat affected zone on a sharp corner under fatigue. Darcis et 
al. (2004) developed a new approach to assess crack growth on welded joints. Ottersböck et al. (2016) studied the 
consequence of weld flaws on high strength steels under fatigue and Seko et al. tested the effect of different weld 
defects configurations on the Weibull stress criterion (2016). 

In this work is presented a structural integrity study of railway component. This mechanical component has the 
particularity of being manufactured by welding, bending and bolting. Knowing that there are two zones that present 
structural problems (premature cracking), a vibrational analysis by finite elements is developed. And the membrane 
and bending stresses are determined through stress linearization of the critical vibration modes for each. A 
methodology to analysis the critical orientation of crack propagation and its influence in the structural durability of 
the component is developed. The influence of the flaws’ position and flaws´ geometric parameters in predicted life are 
also studied.  

 
 

Nomenclature 

𝑎𝑎 crack depth, half flaw length for through-thickness flaw, flaw height for surface flaw or half height for 
embedded flaw  
c half flaw length for surface or embedded flaw, maximum half flaw length in any direction 
B section thickness in-plane of flaw 
C, m Paris law’ parameters 
𝑓𝑓� finite width correction factor 
𝑘𝑘� stress intensity factor due to misalignment 
𝑘𝑘�� bending stress concentration factor 
𝑘𝑘�� membrane stress concentration factor 
𝑀𝑀 bulging correction factor 
𝑀𝑀� membrane stress intensity magnification factor 
𝑀𝑀�� membrane stress intensity magnification factor, in stress concentration zone 
𝑀𝑀�� bending stress intensity magnification factor, in stress concentration zone 
𝑀𝑀� bending stress intensity magnification factor 
𝑌𝑌 geometric factor 
Δ𝜎𝜎 applied stress range 
Δ𝐾𝐾 stress intensity factor range 
𝛥𝛥𝜎𝜎�,  membrane stress range 
𝛥𝛥𝜎𝜎� bending stress range 
𝜃𝜃 crack propagation direction 
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2. Component’ geometry and material 

The railway gearbox housing is manufactured in two parts screwed together: the body and the cover. The body is 
welding manufactured in ARMCO St22-3 plates with 8 mm of thickness. And the cover is bent plate with 7 mm of 
thickness also of ARMCO St22-3. The material proprieties and Paris´ constants considered to the simulations were 
the following: Young modulus, ; Poisson ratio, ; Paris’ law constants for the ferritic-pearlitic 
microstructure,  and .  

2.1. Railway gearbox housing´ geometry 

The complex geometry of the railway gearbox housing, object of this study, is presented in Figure 1. The rear of 
the three-dimensional model can be observed in Fig. 1. This geometrical model was made in SolidWorks and was 
prepared to reduce the computation time needed to run finite elements simulation in ABAQUS/CAE 6.14-1©. The 
other views of the body and the cover, where critical areas are identified (in motor side), can be observed in next 
section.  
 

    

Fig. 1. Three-dimensional gearbox housing model. 

3. Methodology development 

The conjugation of the high values of membrane and bending stresses with the existence of manufacturing intrinsic 
flaws is in the origin the structural integrity problems in the gearbox housing. The methodology developed in this 
work considered two types of planar flaws; flaws at plates (cover of the gearbox housing) and flaws situated in a 
region of local stress concentration, such as the weld toes (body of the gearbox housing). It was also considered the 
flaws in two different positions: at surface and embedded. The directions of crack propagations are also analysis since 
the component is subject to vibrations. A finite elements simulation was performed in Abaqus/CAE 6.14 ©; a vibration 
analysis was executed, and the membrane and bending stresses were achieved through a stress linearization of the 
critical modes of vibration Two analytical studies (Study A and Study B) were developed in Octave 4.2.2 © to analyse 
the influence of the independence/ dependence of the parameters flaw half-height, flaw half-length and crack 
propagation directions.  

Since the cracking occurred due to fatigue, this work studies the evolution of the Stress Intensity Factor Range 
(SIFR) on the crack versus its crack size through Paris’ Law (Paris, 1963). The equation 1 express the Paris Law and 
the SIFR (ΔK) is calculated with the equation (2). 

 mda C K
dN

      (1) 

K Y a        (2) 
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Where da/dN is the flaw growth rate with cycles in mm/cycle; C and m are constants of Paris Law; Δ𝐾𝐾 is the stress 
intensity factor range in N/mm3/2; 𝑌𝑌 is the geometric factor, Δ𝜎𝜎 is the applied stress range (in N/mm2) for the case of 
fatigue and 𝑎𝑎 is the crack size in mm.  

The standard BS 7910:2013+A1:2015 provides a solution to the multiplication of the geometric factor and the 
stress range, �𝑌𝑌Δ𝜎𝜎�.  

  1w tm km m m tb kb b b m mY Mf k M M k M M k                (3) 

Where 𝑀𝑀  the bulging correction factor; 𝑓𝑓�  the finite width correction factor; 𝑀𝑀� ,  𝑀𝑀�� , 𝑀𝑀�  and 𝑀𝑀��  are stress 
intensity magnification factors, 𝛥𝛥𝜎𝜎� and 𝛥𝛥𝜎𝜎� the membrane and bending components of stresses range ( in N/mm2), 
respectively; 𝑘𝑘��  and 𝑘𝑘��  the membrane and bending stress concentration factors, respectively; and 𝑘𝑘�  the stress 
intensity factor due to misalignment.  

Expressions for M, fw, Mm and Mb are given for different types of flaws in different configurations. Mkm and Mkb 
apply when flaw is in a region of local stress concentration. 

The stress intensity factor solutions for plates containing surface semi-elliptical flaws and embedded flaws are 
given by equations from 4 to 9. The bulging correction factor M is equal to 1 for both flaw positions. Equations 5 and 
8, applicable up to 2c/W=0.8, given the finite width correction expression, fw, for surface and embedded flaw positions, 
respectively. Membrane stress intensity magnification factor, Mm, is given by the expressions 5 and 8, for surface and 
embedded flaw positions, respectively. And the equations 7 and 9 represented the bending stress intensity 
magnification factors, Mb, also for the two flaw positions, surface and embedded, respectively. 
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Where W is the structure half-width in plane of flaw in mm; c is the half flaw length in mm; a is half height for 
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embedded flaw and half height for embedded flaw in mm; B is the section thickness in-plane of flaw in mm; L is the 
attachment length in mm; B´ is the effective thickness in mm; fθ, g, H, M1, M2, M3 and M4 are parameters in calculating 
stress intensity factor solutions; Ф parameter used in calculating reference stress; λ1 λ2 λ3 and λ4 are parameters used 
in calculating stress intensity factors.  

The stress intensity magnification factor solution (Mk) for the deepest points and surface points of a semi-elliptical 
weld-toe flaw are given by equations 10 and 12, for membrane stresses, and by equations 11 and 13 for bending 
stresses, respectively. 

   1 2 3( ) / , / / / , /kmM f a B a c f a B f a B L B      (10) 

   1 2 3( ) / , / / / , /kbM f a B a c f a B f a B L B      (11) 

   1 2 3 / , / , / / ), / / ,( / , /kmM f a B a c L B f a B a c f a B a c L B     (12) 

   1 2 3 / , / , / / ), / / ,( / , /kbM f a B a c L B f a B a c f a B a c L B     (13) 

Where f1, f2 and f3 are parameters in calculating stress intensity factor solutions. 
 

3.1. Finite Elements Analysis 

A three-dimensional vibrational analysis was conducted in Abaqus/CAE 6.14 ©. Four meshes were studied with 
the element C3D4, each one with a higher number of elements than the previous. As shown in Fig. 2, mesh 1 is the 
least refined and mesh 4 the most refined. Fig. 2 shows the view of the gearbox housing on the side that connects to 
the locomotive engine. The number of elements and nodes of each mesh is shown in Table 1. The first five vibration 
modes were determined for all four meshes. 

 

Fig. 2. The four meshes analyzed (motor side view). 
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Where W is the structure half-width in plane of flaw in mm; c is the half flaw length in mm; a is half height for 
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     Table 1. Number of elements and nodes of each mesh. 

Mesh Number of elements Number of nodes 

1 35789 11363 

2 75687 23772 

3 188496 57512 

4 792429 219842 

 
In Fig. 3 is presented the constraints imposed on the model: three zones of central body are clamped to the 

locomotive engine and to the boggie; rear and lateral sides are fixed to the boggie.  

 

Fig. 3. Model constrains. 

3.2. Crack propagation analysis 

The software GNU Octave 4.2.2 © was used to developed programs that easily call the groups of equations that 
applied for each case (near and far of the welding zone, and superficial and embedded flaws), and to process the 
equations more efficiently. These programs received as input the parameters of the type of flaw considered (embedded 
or superficial), flaw geometry (flaw height and length and direction of propagation of the crack), parameters of the 
weld, the membrane and bending stress ranges and the membrane and bending stress concentration factors, according 
to the equations from the standard BS 7910:2013+A1:2015. The output of the programs was the SIFR for different 
values of crack size and propagation direction. From these results, the number of cycles realized by the component 
between increments of crack size were determined through Paris Law (equation 1). The expected lifetime of the 
component was determined for the maximum size of crack possible before failure. 

The maximum crack depth considered depends on the thickness of the plate where the flaw was included. The 
authors assumed that the maximum crack depth corresponds to 75% of the plate thickness, because it was considered 
that this value is the critical depth crack at which the component would fail.  

4. Results and Discussion 

The first five vibration modes were determined for all four meshes. Fig. 4 shows the 5th vibration mode of mesh 
3, where the body of the gearbox housing presented the highest values of the stresses by the maximum stress criterion 
and equivalent von Mises criterion. The medium values of membrane stress and bending stress were: 15.558 MPa and 
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0.017 MPa, respectively by Maximum Stress criterion; and 16.561 MPa and 0.026 MPa respectively by Equivalent 
von Mises Stress criterion. Fig. 5 presents, the 5th vibration mode of mesh 4 that revealed the highest values of stress, 
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The results of crack length versus SIFR and crack length versus number of cycles are presented in figures 6 to 9, 
for body and cover zones, considering the localizations of the flaws (at surface and embedded).  
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     Table 1. Number of elements and nodes of each mesh. 

Mesh Number of elements Number of nodes 

1 35789 11363 

2 75687 23772 

3 188496 57512 

4 792429 219842 

 
In Fig. 3 is presented the constraints imposed on the model: three zones of central body are clamped to the 

locomotive engine and to the boggie; rear and lateral sides are fixed to the boggie.  

 

Fig. 3. Model constrains. 

3.2. Crack propagation analysis 

The software GNU Octave 4.2.2 © was used to developed programs that easily call the groups of equations that 
applied for each case (near and far of the welding zone, and superficial and embedded flaws), and to process the 
equations more efficiently. These programs received as input the parameters of the type of flaw considered (embedded 
or superficial), flaw geometry (flaw height and length and direction of propagation of the crack), parameters of the 
weld, the membrane and bending stress ranges and the membrane and bending stress concentration factors, according 
to the equations from the standard BS 7910:2013+A1:2015. The output of the programs was the SIFR for different 
values of crack size and propagation direction. From these results, the number of cycles realized by the component 
between increments of crack size were determined through Paris Law (equation 1). The expected lifetime of the 
component was determined for the maximum size of crack possible before failure. 

The maximum crack depth considered depends on the thickness of the plate where the flaw was included. The 
authors assumed that the maximum crack depth corresponds to 75% of the plate thickness, because it was considered 
that this value is the critical depth crack at which the component would fail.  

4. Results and Discussion 

The first five vibration modes were determined for all four meshes. Fig. 4 shows the 5th vibration mode of mesh 
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Fig. 6. Surface flaw on the body of the component: a) crack length versus SIFR b) crack length versus N. 
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Fig. 7. Embedded flaw in the body of the component: a) crack length versus SIFR b) crack length versus N. 
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Fig. 7. Embedded flaw in the body of the component: a) crack length versus SIFR b) crack length versus N. 
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Fig. 8. Superficial flaw on the cover of the component: a) crack length versus SIFR b) crack length versus N. 
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Fig. 9. Embedded flaw in the cover of the component: a) crack length versus SIFR b) crack length versus N. 
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Fig. 9. Embedded flaw in the cover of the component: a) crack length versus SIFR b) crack length versus N. 
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5. Conclusions 

Vibration analysis was performed in a finite element simulation and the vibration modes were identified. A stress 
linearization was performed for the critical vibration mode and mesh to determine the membrane and bending stresses. 
The influence of intrinsic manufacturing flaws in the railway gearbox housing durability was studied. Assessing the 
vibration modes, it was concluded that the component is subject to major deformations, and independently of the 
principal/ equivalent stress values being quite low, the existence of defects intrinsic to the manufacturing processes, 
causes serious structural integrity problems. The methodology developed in this work to predict the durability of the 
component presents excellent results, (these results have been confirmed by the service data available by courtesy of 
a railway company).  

It is concluded that the expected lifetime of the body of the gearbox housing is lower than the cover. The SIFR is 
higher in the body due to the presence of the welding and. The propagation direction of the crack influences highly 
the total number of cycles. Small differences in initial crack size could change drastically the expected lifetime of a 
component. 

From the results, it was also concluded that the values of stress intensity factor are dependent on the, crack 
propagation direction (θ), flaw position and zone were the cracks are located. And for a critical crack length of 1.75 
mm the followed critical stress intensity factors were obtained: embedded flaw (2 mm under the surface) in the zones 
with welds and without welds were, for θ=85º, K= 125.733 MPam1/2 and K= 18.895 MPam1/2; a surface flaw in the 
zones with welds and without welds were, for θ=90º, K= 140.224 MPam1/2 and K= 21.073 MPam1/2, respectively. 
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