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Abstract

Rail systems transportation is developing in a constantly increasing demand due to its safety and capability. Qualified vehicle designs are carried
out to improve transportation performance and duration. Design approaches such as increasing the quality of the materials, increasing the perfor-
mance of critical zones exposing dynamic loading, and reducing the percentage of critical locations in the entire vehicle are constantly developed. In
this study, the performance of the spirally welded tank wagon under static and dynamic loading was examined via three-dimensional finite element
analysis. It is particularly focused on welded zones causing critical stress and failure under dynamic loading. The differences between the spirally

welded and conventional (Zaes) tank wagon produced with different welding connection and geometry approaches were also examined.

Keywords: Tank wagon, fatigue, welded zone, strength, finite element analysis.

Nomenclature
RC Normal stress ratio
R* Shear stress ratio
Omax Maximum normal stress
O-min Minimum normal stress
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Om Mean normal stress
O'[[ Maximum normal stress parallel to the welding line
O-J_ Maximum normal stress perpendicular to the welding line
qul Allowable normal stress
O-[[’ zul Allowable normal stress parallel to the welding line
O-J_’ zul Allowable normal stress perpendicular to the welding line
O-J_ Maximum normal stress parallel to the welding line
T Shear stress
Tmax Maximum shear stress
Tmin Minimum shear stress
Tzul Allowable shear stress
T[L zul Allowable shear stress parallel to the welding line
k Compressive stress ratio factor
X Factor dependent of the notch case line

Introduction

Rail transportation is known as the most reliable transporta-
tion among transportation methods [1]. It is widely used in the
transportation of passengers, mines and large tonnage systems
[2]. Tank wagons are the most widely used railway system vehicles,
particularly in hazardous product transportation [3]. It is utilized
as the primary choice for the transportation of petroleum and
its derivatives. New tank wagon designs are constantly emerging
majorly to increase carrying capacities [4]. Reliability, safety and
sustainability are the critical features among the most important
design criteria [5]. Since such vehicles are intensely exposed to dy-
namic loads therefore, crack formation, propagation and eventually
catastrophic failures should be carefully evaluated [6]. Tank wag-
ons are initially studied in terms of static strength and structural
stability. Simultaneously, the fatigue performance of the joining and
welded zones is also taken into consideration during the design [7].
The wagon consists of steel components with different geometries
welded together. Welded connections are naturally stress-concen-
tration regions [8]. These critical regions have less capability and
resistance against fatigue failure. Besides, instantaneous monitor-
ing and observation of crack formation/propagation that cause fa-
tigue failure is not always possible, therefore the failure can occur
suddenly, and leads to catastrophic safety problem in the railway
industry [9]. Therefore, fatigue strength analysis and evaluation is
a decisive part of railway vehicle design, and various technical pro-
cedures have been developed in order to minimize failure during
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operation. Among these, DVS 1612-2014 [10] and UICB 12/RP 17
[11] are the most widely used procedures in the railway industry
in recent years.

Spirally welded pipes, or also known as “HSAW” pipes, have
become industrially remarkable for hydrocarbon transport under
high pressure [12,13]. Metallurgical structure improvements and
mechanical performance enhancement, as well as developments
in the production process, have further increased the utilization of
such pipes [13]. It is a more economical and effective method in the
production of thin-walled and large-diameter pipes. It consists of a
hot rolled steel coil and spiral welding. They are made from single
and continuous helical welded and wrapped hot rolled steel strip
from end to end [14]. Pipe diameters range from approximately
500 to 3000 mm and thicknesses range from 9 to 25 mm [15].

Freight wagons involving welded connections and structures
are typically subjected to dynamic loads [16]. For this reason, fa-
tigue failure is inevitably observed as a common type of failure due
to the welding zone concerns. The most common technical pre-
scription used to examine fatigue failure and taking necessary pre-
cautions at the design stage is the DVS 1612-2014 approach [10].
Evaluation of welded structures in terms of fatigue is carried out
by nominal stress method, effective stress method, and multiaxial
stress method. The nominal stress method is a widely used method
and classifies welded connections according to nominal stress and
S-N approach [17]. The failure criterion is based on comparing the
nominal stress to the stress value at which fatigue failure occurs.
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The advantage of using this method, especially in finite elements,
is that the mesh quality is not directly effective. It is related to the
nominal stress obtained. This approach is preferred since it is quite
difficult to determine the S-N curve, considering the loading types
and assembly features of complex parts [18]. It is quite complex to
obtain the exact stress in stress concentration regions in finite ele-
ment analysis. Accuracy may vary depending on the mesh sensitiv-
ity, particularly around the weld root and welded zones. In order
to eliminate this variability, the Hotspot stress method is used in
fatigue analysis [19]. Many studies show that a multi-axial stress
distribution occurs in welded zones even under uniaxial loading.
An approach is being developed to determine fatigue strength ac-
cording to multi-axial criteria. Welded zone design standards cre-
ate different fatigue life evaluation curves, and these curves are ob-
tained in multi-axial loading tests [7,20].

In this paper, the fatigue characteristics of the welded zones of
the spiral tank wagon has been analyzed. The loading condition was
based on EN 12663-1:2010 Railway Application -- Requirements for
Railway Vehicle Body Structure [1]. The fatigue evaluation method
is based on the standard of DVS 1612-2014 Design and endurance

strength analysis of steel welded joints in rail-vehicle construction
[21]. The evaluation of fatigue life was performed by finite element
analysis, and particularly the fatigue strength of the critical weld
parts investigated. The paper ensures a fundamental reference for
the multi-axial stress approach on the fatigue assessment of welded
structures in the spiral tank wagon.

Spiral Tank Wagon main structure

Conventional tank wagon constructions are formed by welding
the pipes by joining the ends of cylindrical steel plates through a
longitudinal weld [22]. The structure has rounded areas along the
longitudinal seams, defects consisting of pits and bumps (corre-
sponding to the joints of tubular sections) and many weakened ar-
eas causing deformities in the weld [23]. Spiral tank wagons are
intended to be produced by spirally wrapping a strip or steel plate
into a tube and a gasket for tankers and similar vehicles to eliminate
such weaknesses [24]. In this way, ensuring the specified surface
integrity provides the strength improvement and ease of produc-
tion. In Figure 1, the spiral tank wagon evolved after the Zaes tank
wagon, and its general features are shown.

( 2
Zaes Tank Wagon
[ General Properties | Data |
Y25 bogie weight 4530 kg/bogie Spiral Tank Wagon
Chassis weight 4250 kg
Tank body weight 6675 kg
Liquid weight 68200 kg
Warking pressure 3 bar
Test pressure 4 bar
Materials S355JR
Service temperature +20/-190
Whole empty vehicle 20395 kg
‘Whale full vehicle 88185 kg
Figure 1: Evolution of Zaes Tank Wagon to Spiral Tank Wagon and its general features.
k )

Firstly, a CAD model of the spiral welded tank wagon was cre-
ated, and the step file was transferred into ANSYS software [25].
A simplification study was performed by removing the details
whose effects were neglected in the structural analysis. The model
was completed by adding Y25 bogies to the data. The vehicle was
modelled with shell elements except for the spiral wagon structure

and bogies. Thickness distributions for the shell elements used are
shown in Figure 2a. There are 2,612,874 nodes and 1,071,659 ele-
ments used in the analysis. The mesh density is shown in Figure 2b.
The material used is S355 JR/J2. Elastic modulus of the material is
210 GPa, poison ratio is 0.3 and yield strength is 355 MPa, respec-
tively.
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Figure 2: a) Thickness distributions for the shell elements (mm) b) mesh sensitivity.
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Fatigue Strength Analysis

In line with the content of this study, the German National Weld-
ing Standard DVS1612 was used. The standard is preferred by many
railway vehicles and welded product manufacturers, as it gives ef-
fective results about the reliability of the welds. This approach is
based on the standard of Moore-Kommers-Jasper (MK]) diagrams

[26]. A diagram is selected depending on the type of welding struc-
ture, the characteristics of the welded zone, the test method, and
the type of the load. For fatigue strength examinations, stress com-
ponents must be calculated in the weld zone. Stress components
are calculated in two ways (Figure 3): normal stresses (a” GL)’ par-
allel to the axial force and perpendicular to the welding direction,
and shear stress (r”), occurring parallel to the weld line [27].

~
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Figure 3: Stress components at the weld zone.
J

According to the DVS 1612 approach, the maximum allowable
stress is defined as a function of the ratio between the maximum
stress Omax and the minimum stress o,,;,. The curves defining al-
lowable stresses, called “notch state lines”, are decomposed into
normal, longitudinal and shear stress components (Figure 3) [28].

(o
_ _min
R

' Omax 1)

Allowable tensile and compressive stresses for longitudinal and
normal stresses are obtained by using Eq. 2 and Eq. 3, respectively.
The compressive stress ratio factor “k” is the opposite of the stress
ratio in Eq. 3. Allowable shear stress is also evaluated by means
of Eq. 4. “x” and “t_(zul,R=-1)" are the parameters that change
depending on the notch condition and evaluated according to dif-
ferent conditions such as weld joint geometry, weld type and weld

performance [29].
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Table 1 clarifies the notch states for the DVS approach on the
metal. It is clear from the approach that notch state lines for each
stress direction follow a decreasing alphabetical order. The notch
case line with the highest resistance is “A+” and the lowest resis-
tance is “F3”. The notch line “G+” has the highest acceptable value
and “H-" has the lowest for shear stresses. The highest resistance
notch case lines are reserved for the base metal and thermally af-
fected areas, regardless of stress direction [29].

Table 1: The notch states for the DVS technical code depending on the metal state [29].

A+/A/A- 3 /], L B
AB+/AB/AB- 3 /L T
B+to F3 26 //, L w

G+ 1 T B,T

G to H- 5 T 4

*base metal (B), thermally influenced (T), welded joint (W).

The allowable stress limits focused on in Eq.s 2, 3 and 4 are
shown graphically in MK] diagrams, where the fatigue cycle is asso-
ciated with the maximum stress. The MK] diagrams show the safe
values for different notch state lines at longitudinal loads. Initially
MK] diagrams are valid for the thickness range from 2 to 10 mm.
For thicker plates, fatigue strength gradually decreases [29]. The
allowable stress for tensile and compressive stresses should nev-
er exceed the yield strength of the material. For shear stresses, the
allowable stress should never exceed the yield strength divided by
V3 . It should be noted that the allowable limits for compressive
stresses are higher [29]. When all stress components are lower than
the allowable stress “o_ ;" the fatigue life is considered infinite
with a probability of 99.5%. If high levels of stress are observed in
more than one component, the fatigue strength is also subjected to
the inequality in x in the equations and controlled. When the result
in the equations is less than or equal to 1 (Eq. 5 and Eq. 6-determine
the usage factor-UF), infinite fatigue life can be achieved within the
confidence level determined by DVS 1612 [28, 29].

O,
I <1, L ;<1 L <1 (5)
O-||’Z” 0.z Toul
2 2
9 + I _‘ °l oL +( r jzﬁl.l
o-ll,zul O'H,ZMI ‘[o-”,zul} [Gl,zul] z,zul ©

o and o_ , are the second-order tensors in the global and the
local coordinate systems, respectively.

According to EN 12663-1:2010 [1], the fatigue strength of the
spiral tank wagon was evaluated based on the multiaxial stress
method mentioned above. Different types of fatigue conditions
were obtained at optimum acceleration amplitudes. According to

the standard of DVS 1612-2014, the fatigue strength of the mate-
rial in these conditions was determined by ANSYS APDL. In fatigue
analysis, the weld positions and local coordinate system were de-
termined initially, then fatigue strength loading conditions were
applied, normal and shear stresses were evaluated. Average stress,
dynamic stress amplitude, stress ratio and safety stress were cal-
culated by considering discontinuities such as notches in the weld
area. MK] fatigue curve was drawn by calculating the utilization de-
gree in uniaxial and multi-axial loadings [23, 30, 31].

Critical Zones of Fatigue Evaluation

The locations specified according to the DVS1612 standard
coded with letters and numbers are the locations marked in dif-
ferent welding joints on the spirally welded tank wagon (Figure
4). The welding design and application comply with the UNE-EN
15085 standard in order to withstand specified allowable stress
limits [32]. The MK] fatigue approach was evaluated at the specified
locations, maximum stress, minimum stress, safety coefficient, safe
stress and usage factor values were determined [7, 33]. The loads
applied to the wagon frame comply with the requirements of the
UNE-EN 12663-2 standard, which specifies the loads to be consid-
ered in these vehicles. Among all load cases described in this stan-
dard, it relates the lateral and vertical inertial accelerations caused
by the rail to the wagon during operation. After the model was
meshed precisely and the boundary conditions were defined, the
solution phase was implemented. Stress tensors calculated in each
element of the model were used in post-fatigue analyses. First, the
stress results obtained for the face of each element are expressed
by the three stress components mentioned in Section 2.1. The max-
imum and minimum stress values for each stress component will
define a fatigue cycle for each member. The stress ratio will then be
calculated along with the corresponding maximum acceptable val-
ue based on the MK] diagrams and the corresponding notch state
line. A total of four usage factors are obtained on each element side

Citation: Gokhan Cil*, Fatma Mirza, Yusuf Oranci, Oguzhan Erdogan, Okan Unal. Investigation of fatigue strength evaluation
of welded structure on spirally welded tank wagon via finite element analysis. Mod Concept Material Sci. 5(5): 2024. MCMS.

MS.ID.000623. DOI: 10.33552/MCMS.2024.05.000623

Page 5 of 11


http://dx.doi.org/10.33552/MCMS.2024.05.000623

Modern Concepts in Material Science Volume 5-Issue 5

of the model, corresponding to the four relationships presented in  resentative factor for comparison purposes as it will determine the

Eq. 2. The maximum utilization factor will be considered as the rep-  fatigue failure [34].

Edge/face connectivity
Froe
Single
Double
Trple
Multiple

&t o [F] (v

Figure 4: Vertical, horizontal, free, single, double, triple, and multi-edge surface associated locations considered in different weld junction

regions.

welding direction were obtained. Figure 5 shows the fatigue perfor-

The tank wagon was modeled under different loading condi-
mance evaluated at different locations [15].

tions using ANSYS software. In the global coordinate system, all
normal and shear stresses in the X and Y plane perpendicular to the
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Figure 5: MKJ fatigue curve of S355J2 (Average stress ) [15].
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Table 2 shows the maximum stress, minimum stress, safety co-
efficient, safe stress, and stress factor values after fatigue analysis
in different regions in Figure 5. Maximum and minimum normal
stresses are obtained by plane stress and safe stress values. Due
to the limited volume of the report, only data for the first three

nodes with insufficient dynamics are shown. Analysis of the results

Table 2: Fatigue strength of welded zone obtained in different welding regions of the tank.

revealed that all nodes located in the weld zone showed sufficient
dynamic strength according to Eq. 6. It has been observed that all
safety coefficients in the determined nodes are greater than one
[35]. Analysis of theoretical data shows that there are no nodes
with insufficient dynamic strength [26].

Region Max. Stress Min. Stress Weld Line Allowable Stress Usage factor

(MPa) (MPa) Safety factor (Ga /1/Fmax ) (MPa) (UF)
P1 180 121 C 1,33 240 0,75
) 1 119 88 C 2,01 240 0,49
P3 112 76 C 2,14 240 0,46

Lateral Loading Conditions

P1 140 120 C 1,71 240 0,58
P2 97 72 C 2,47 240 0,40
P3 85 51 C 2,82 240 0,35
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Figure 6 shows the dynamic analysis results under vertical load
condition conditions with 1.3g vertical loading, 0.7g vertical load-
ing, [+X] 0.2g lateral loading, and [-X] 0.2g lateral loading. According
to the analysis results, the maximum stresses obtained in the wag-
on were below the allowable stress. Vertical irregularities in the be-
havior of wagons and the profile of the road cause instability of the
vehicle body [36, 37]. In the studies conducted, all modal frequen-
cies applied above the critical frequency vibration values indicate
lateral displacement, thus showing the importance of considering
the rolling motion for the freight wagon. Road irregularities are vi-
tal and can cause products carried in freight vehicles to overturn
[38, 39]. Therefore, the dynamic behavior of the freight car should
be concentrated around irregularities in the vertical profile of the
railway [40]. Different frequency values become important because
the traction gear is subjected to variable loading frequency due to
acceleration and braking of the locomotive. Therefore, critical wag-
on parts need to be tested for fatigue due to variable frequency load-
ing [41]. In comprehensive fatigue analyses, the number of cycles
until the onset of failure is determined according to the maximum
value of plastic deformation and the features of the material. The
geometrical optimization is the most important parameter affect-
ing the fatigue life of materials operating under dynamic conditions
[7, 42, 43]. Fatigue analysis includes shape optimization, definition
of the numerical model, numerical calculation of strength accord-

ing to standards, and prediction of fatigue strength using experi-
mental and numerical results. The methodology developed based
on the application of numerical, theoretical and experimental tech-
niques of fatigue mechanics in rail system vehicles has proven to be
a powerful method [44]. Failure analysis was conducted with stress
and strain-based finite element analysis, and crack initiation zones
formed depending on stress concentration and constituted the
main reason for fatigue. Determining fatigue performance before
the first initiation of fatigue failure appears is known as the design
principle of machine elements [45, 46]. The estimated S-N diagram
is an approach used to determine fatigue strength and is based
on tensile strength. It takes into account factors such as surface
roughness, size and stress concentration that change the strength
limit. In order to obtain a longer fatigue life, a design improvement
approach that involves increasing the local thickness and section
radius in critical regions has also been frequently encountered in
the literature analysis results [47]. Stress analyzes have shown that
it is possible to reduce the equivalent Von Mises stress. It can be
concluded that fatigue analysis based on static stress analysis and
stress life approach provides a reasonable estimation of fatigue life.
There is also a need to verify the numerical results obtained during
the design process and strength increase studies of vital structural
elements in experimental environments [44].
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Figure 6: Dynamic analysis of 1.3g vertical loading, 0.7g vertical loading, [+X] 0.2g lateral loading, [-X] 0.2g lateral loading under vertical load
case conditions.
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In Figure 7, the spiral welded tank wagon and the Zaes tank
wagon are compared with the tests performed under dynamic
loads at maximum operating conditions of 1.3g. Improvements
were observed in the stress values obtained in critical locations in
the spiral welded regions. Considering the obtained stress profile,
the dynamic strength of spiral welded regions is higher than that of
conventional tank welded regions. In the studies carried out, Von
Mises stresses were at the highest level in the bonding and weld-
ing areas and were calculated to be greater than the safe stress of
the material in cases where the design criteria were ineffective.
Von-Mises stress in these regions can be controlled by changing
the radius or increasing the thickness. It is important to ensure
this control at the design stage by using analysis with the finite
element method. Additionally, measuring critical deformations in
stress concentration zones with strain gauges is another import-
ant approach for design improvement and verification of the design
solution for the prototype [41]. Design and analysis, accurate mesh

generation, material characteristics assignment, stress values, etc.
and determination of the conditions are the crucial factors for the
sensitivity of the results. Otherwise, strength model problems may
be observed. It is not always possible to create a correct design ap-
proach based solely on analysis and results. For these reasons it is
vital to determine which finite elements (shell or 3D solid) are used
to create a FEM analysis and a computational model and that higher
stress values provide greater similarity with test data. In addition,
more precise and easier creation of geometry, clear visualization of
structural elements, fewer restrictions in modeling, etc. advantages
also need to be considered [48]. To solve such problems, concentra-
tion should be focused on performing strain-based simulations as
well as stress-based approaches. Virtual strain gauges are also de-
scribed as the finite element approach and are applied to verify the
conditions like a real strain gauge. Therefore, the stress and strain
results obtained by simulation can be considered as experimental
results [49].

( 7
i Spiral Tank - Zaes Tank
LY L
Fr 0
o
i:l
Figure 7: Comparison of welded locations fatigue strength under dynamic 1.3g max operating load.
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