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ARTICLE INFO ABSTRACT

Keywords: This paper presents a procedure developed to predict the fatigue life in components made of steel,
Fatigue life based on the mechanical properties of the base material and Thermally Affected Zones (TAZs)
Weibull distribution owing to welding. The fatigue life cycles of the studied components are obtained based on a
Welded joints

certain survival probability provided by a Weibull distribution. This procedure is thought to be
applied on semi-trailer components, and therefore it is proposed for the steels that are typically
used in its manufacturing. A criterion for the adjustment of the exponent and the stress stroke of
the fatigue life curve in welded joints is proposed in which the parameters that define the al-
ternating stress versus the number of cycles to failure (S-N) curve are obtained exclusively from
the ratio between the base material yield stress of a given steel and the strength of its Thermally
Affected Zone. This procedure is especially useful for steels that do not have a complete char-
acterization of their fatigue parameters. These developments are implemented in a subroutine
that can be applied in commercial codes based on Finite Element Method (FEM) to obtain a
fatigue life prediction. Finally, a numerical-experimental validation of the developed procedure
is carried out by means of a semi-trailer axle bracing support fatigue analysis.

Semitrailer
Axle support

1. Introduction

At present, there is a tendency toward the development of lightened semi-trailer vehicles [1] thanks to improvements in the
design and the application of new materials such as high-strength steels and aluminum alloys. A series of advantages are derived from
such improvements, including the reduction of polluting emissions, fuel savings, better dynamic behavior, greater vehicle stability, a
lower tendency to overturn, an increase in payload, better performance, and the reduction of maintenance costs.

To produce optimized semi-trailer vehicles, structural steels with higher strength properties than traditional ones are being
applied to a greater extent, with a reasonable cost and ease for the manufacturing process and component welding. Knowledge of the
behavior of the materials used in the manufacture of semi-trailer vehicles not only in static conditions but also under dynamic loads
and fatigue is essential for the design process and prediction of the vehicle’s long-term durability [2].

To accurately predict the fatigue life of semi-trailer components, first, an experimental characterization of the monotonic
properties of some reference steels was conducted. Second, the maximum strength of the thermally affected zones (TAZs) produced
by the welding process in those steels was determined by Vickers hardness tests [3]. Third, the fatigue behavior of the reference steels
was predicted as a function of the monotonic properties, based on Woéhler curves [4] and the Basquin’s equation [5]. There are
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different methods for obtaining the fatigue behavior of the base steel based on this equation, such as the Mischke method [6], SAE
method [14], linear logarithmic adjustment method explained by Besa and Giner [15], method of Shigley [16], and Juvinall method
[17]. However, considering that the load cycles in a semi-trailer fluctuate, the correction method developed by Morrow [18] was
applied, to consider the effect of the mean stress on the fatigue life prediction. There are numerous criteria for fatigue life prediction
in metallic materials. A few of these prediction criteria are based on different modifications of the Basquin-Manson [19] and —Coffin
[20] equations. The universal slope method [21] and the four-point correlation [22] were chosen as the criteria to obtain the fatigue
parameters of the steels studied. Fourth, for the fatigue life prediction criteria for welded joints, Malon stated in his doctoral thesis
[16] that the International Institute of Welding (IIW) [17,18] offers the best results for fatigue life in the TAZs produced by the
welding process, and this will be the criterion applied in this study.

Other authors, such as Schjgdt-Thomsen and Andreasen [19], analyzed the low cycle fatigue behavior of welded T-joints in high
strength steel, and they stated that the Manson—Coffin methodology with data predicted from static material data were proven to
provide accurate results compared with the experimental fatigue results presented.

Given the highly statistical nature of the fatigue analysis in this study, an investigation was conducted to determine whether the
Weibull distribution [20,21] is an adequate tool for estimating survival based on the reliability of fatigue life predictions. To this end,
the Herd—Johnson method [22] was applied to determine the percentage of failures that occur before the time corresponding to the
fatigue life range. It was considered necessary to perform fatigue life tests on overlapped welded specimens with the three different
configurations of material analyzed, to determine whether the results obtained fit well with a Weibull distribution. The statistical R-
software [23] was to be employed to obtain the parameters of the Weibull distribution of each of the specimen configurations in each
load case. The estimators were obtained, for both the scale parameter and the form or profile parameter of the Weibull distribution,
and the adjustment accuracy tests were conducted on the experimental data with the Weibull distributions obtained using the
maximum likelihood method [24] and the Anderson-Darling test [25], instead of other possible tests such as those proposed by Karl
Pearson [26] and Kolmogorov-Smirnov [27].

The present article shows a methodology for the design and prediction of the semi-trailer fatigue life and specifically of its
components, which are manufactured by welding different steels. Numerical analysis techniques are applied to reduce experimental
testing as much as possible [28].

However, the key point of this study is that a new criterion is developed to predict fatigue life, based on the International Institute
of Welding criteria and by applying the necessary corrections, depending on the properties of each material base and its properties
after the welding process, particularly in the TAZs in the welded joint. The procedure presented in this study was developed to be
implemented in the process of calculation and optimization against fatigue of the welded joints existing in steel-built semi-trailers.
Manufacturing companies should therefore have complete knowledge of the monotonic properties of the applied steels, maximum
strength of the TAZs generated by the welding process between those steels, a prediction of the fatigue behavior of the steels
including the corresponding fatigue parameters, and the complete definition of the fatigue life prediction criterion for welded joints.
After developing this huge work by the manufacturing companies, the fatigue life testing curve of the welded specimens for each
combination of welded steels will be determined. Evidently, the amount of work involved to obtain each curve for two determined
welded steels between components of a welded semi-trailer is very high. Therefore, to substantially reduce this amount of work, this
article presents an adjustment model that allows the modification of fatigue life prediction curves based on the work of the IIW,
focusing on two steel parameters. In particular, the base material yield stress and the strength of the TAZ. Both parameters are easily
determined and allow the definition of the fatigue life transformed curve for a null mean load. Therefore, significant time and effort
could be saved with the proposed model, called Tello-Castejon adjustment model. This procedure is intended to be particularly useful
for steels that do not have a complete characterization of their fatigue parameters.

The developed criterion for fatigue life prediction is validated by laboratory testing on welded specimens, and also by testing of a
complex subassembly such as the subset of an axle bracing support of a semi-trailer.

In order to apply the fatigue life prediction procedure for welded steel semi-trailer components in a user-friendly manner based on
the new prediction criteria developed, a post-process subroutine was implemented. This post-process subroutine is able to predict the
fatigue life with a pre-established prediction reliability for each of the applied load cases. This subroutine is executed from a friendly
user interface integrated with the calculation code.

Finally, a fatigue test is carried out with a semi-trailer axle bracing, including two support types. The test is developed on a bench,
and it is verified that the predictions made by the developed methodology establish the fatigue life number of reversals that adjust to
the experimentally measured values.

2. Experimental characterization of monotonic properties of steels S$235JR, S355MC and S500 MC

First, an experimental characterization of the monotonic properties of the materials S235JR, S355MC, and SS500MC was carried
out, given that they are frequently applied steels in semi-trailer construction. These steels comply with the provisions of the PNE-
prEN 10149-2 [29] and PNE-prEN 10027-2 regulations [30].

The Young’s modulus of the S235JR, S355MC, and S500MC steels was first obtained by means of tensile tests carried out by an
INSTRON 8032 test machine, as shown in Fig. 1. Testing specimens are shown in Fig. 2 after the experimental procedure. Six
repetitions were performed for each batch of test samples to obtain the mean value and the determination coefficient (R?), which is a
measure of how well a given variable can be predicted using a linear function of a set of other variables.

A static-type extensometer with a gauge length of 25 mm and maximum allowed displacement of 12.5 mm was used to measure
the Young’s modulus of the materials studied, which can be seen in Fig. 3 (see Table 1).
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Fig. 1. Universal testing machine used for tensile tests.

Fig. 2. Typology of specimens used for tensile tests.

Fig. 3. Extensometer used to obtain Young’s modulus.

Table 1

Young’s modulus and R? values for tested steels.
Steel Youngs modulus (MPa) R?
S235JR 216,975 0,939
S355MC 217,193 0,963
S500MC 218,295 0,957

Ry, values obtained in this way match the values provided by the steel manufacturers and the corresponding standard. In par-
ticular, for S235JR steel R, is between 360 and 510 MPa, for S355MC steel 510-680 MPa, and for SS500MC steel 540-720 MPa
Table 2.
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Table 2
Engineering and Ultimate Tensile Strength for tested steels.
Steel R. Engineering Strength (MPa) Ry, Ultimate Strength (MPa)
S235JR 290.73 55,566
S355MC 359.70 624.52
S500MC 492.10 647.00

3. Vickers hardness tests for equivalent maximum strength determination of Thermally Affected Zones by welding process

The heat input that takes place in the areas near the weld bead or TAZ causes changes in the microstructure of steel, and
consequently there are changes in the monotonic properties of the material [19,31]. A change in the fatigue strength occurs as a result
of this variation in the monotonic properties. It is essential to mechanically characterize the TAZ, given that manufacturers of semi-
trailer vehicles know that the possible fatigue cracks in a vehicle appear in these areas.

Fig. 4 shows a scheme that corresponds to a typical distribution of Thermally Affected Zones in a butt-welded specimen. In this
figure, four clearly differentiated Thermally Affected Zones (TAZ1, TAZ2, TAZ3, and TAZ4), and the Base Material Zone (BMZ) can be
observed.

The number of Thermally Affected Zones that are considered will vary depending on the required degree of continuity to be
obtained on the results based on the Finite Element Method.

To characterize the mechanical properties in the TAZs, a Matsuzawa MXT 50 microdurometer was used, as shown in Fig. 5.

The regulations followed to perform the hardness tests were UNE-EN ISO 6507-1: 2018 [3] and UNE-EN ISO 9015-1: 2011 [32].
The temperatures at the time of testing varied between 21 °C and 23 °C, which is a permitted range within the established limits by
the regulation (between 10 °C and 35 °C).

The butt-welded specimens that were analyzed were made in different material combinations (S235JR-S235JR, DX355MC-
DX355MC, and S235JR-DX355MC), as shown in Fig. 6. The results obtained of the Vickers Hardness measurements are shown in
Figs. 7-9.

In addition, hardness tests were performed on four T-shaped welded specimens whose material configuration is shown in Fig. 10.
These T-shaped welded specimens had a weld bead on each side of the web. The web was made of S355MC steel with dimensions of
100 x 50 mm and a thickness of 4.5 mm. The flange was made of S235JR steel with dimensions of 250 X 50 mm and a thickness of
10 mm. This kind of sample configuration aims to emulate some of the common weld joints in three-axle semitrailers such as those in
the junction zone between the bracing supports and the longitudinal beams, or even the joints of the King-Pin bridge.

A Vickers hardness test was carried out once the necessary preparations were made. Two lines of 15 indentations each were made
in each test sample such that the hardness was measured in the base materials in the Thermally Affected Zone and in the weld bead.
Macrographs of the specimens, as well as the indentation lines for the four tested specimens, can be seen in Fig. 11.

The Vickers hardness measured along the two indentation lines in the four specimens is shown in Figs. 12 and 13.

In the present study, a single Thermally Affected Zone was considered. The values were grouped into five different groups
corresponding to the base material S235JR (points 1-3), Thermally Affected Zone of steel S235JR (points 4-6), base material of steel
S355MC (points 13-15), Thermally Affected Zone of S355MC (points 10-12), and finally to the weld bead (points 7-9). Therefore, the
mean values and their equivalence in strength, listed in Table 3, were obtained according to the UNE-EN ISO 18,265 [33] standard.

Once the hardness values of Thermally Affected Zones were obtained by means of Vickers hardness tests, an equivalent elastic
limit of each Thermally Affected Zone was calculated in order to obtain the stress-strain curve for each material based on the
following assumptions:

e The slopes of the elastic and plastic zones remain the same, respectively, as the slopes of the elastic and plastic area of the base
material.

« It was considered that the area under the stress-strain curve would be the same for the base material and for the corresponding
Thermally Affected Zone. That is to say, the deformation energy density for each material was kept constant.

The bilinear curves of the Thermally Affected Zones of each material were calculated by taking into account these hypotheses. The
bilinear curves for the TAZs of S235JR, S355MC, and S500MC steels are shown in Fig. 14.

Weld

Base TAZATAZ3TAZ2TAZL  TAZ1TAZ2 TAZ3TAZ4 Base

Material Material

Fig. 4. Butt welding scheme including four TAZs.
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Fig. 5. Vickers Matsuzawa MXT 50 microdurometer.

Fig. 6. Test samples used to perform Vickers hardness test.

4. Prediction of fatigue behavior of S235JR, S355MC, and S500MC steels depending on monotonic properties

The fatigue behavior of metallic materials is usually represented by the Wohler curves [4] or S-N curves, which relate the load
amplitude applied over the material, vs. the number of cycles that it holds until the final break. In the case of a high number of fatigue
cycles, the properties that define the fatigue material behavior or number of reversals to failure, N, are the reversing stress o,, fatigue
strength coefficient 5 and fatigue strength exponent b, which appear in the Basquin’s equation (5).

0 = ope (NP 6]

Based on this equation, there are a series of methods based on the monotonic properties for obtaining the fatigue behavior of steel,
such as the Mischke method [6], SAE method [7], the linear logarithmic adjustment method explained by Besa and Giner [8], the
method of Shigley [9], and the Juvinall method [10].

However, owing to the fact that the load cycles in the semitrailer are not alternating but fluctuating, the applied criteria were
modified in order to consider the effect of the mean stress in the fatigue life prediction. This correction was introduced in the analysis
by using the correction method developed by Morrow [11].

Morrow developed an approximation method to obtain the fatigue life prediction, applicable to any type of fatigue life prediction
criterion, which obtained the fatigue life of a studied specimen considering the applied average stress. The method consists of
replacing the fatigue life provided by any conventional criterion by a value obtained by means of the following expression:
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Welded joint usually applied on semitrailer
longitudinal beams construction

Web: S355MC
Flange: S235JR

Fig. 10. Scheme of T-shaped welded specimens.
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Fig. 11. Macrographs of T-shaped welded specimens.
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Therefore, once the number of reversals to failure is obtained for a given load case whose mean stress is zero, N*, the number of
cycles with the corrected mean stress N, can be obtained. g, is the average stress, o} 'is the fatigue strength, and b is the fatigue
strength exponent.

In the bibliography, there are numerous criteria for fatigue life prediction in metallic materials. Some of these prediction criteria
were based on different modifications of the Basquin-Manson [12]-Coffin [13] equation.
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Fig. 13. Hardness test results in T-shaped welded specimens. Line 2.

Table 3
Mean hardness and equivalent strength.
S235JR Base TAZ S235JR S355MC Base TAZ DX355MC S500MC Base TAZ S500MC Weld bead
Vickers Hardness HV10 194 299 199 194 217.5 208.2 222
Strength. (MPa) 620.5 961.75 636.75 620.5 697.5 668.35 711.5
20—
S235JR = = = !
1000 1
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T |
o | i
s [ :
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Fig. 14. Bilinear stress-strain curve for TAZs of S235JR, S355MC, and S500MC steels.

All criteria presented here have a common denominator: the fatigue parameters are collected from the monotonic properties
obtained in tensile tests.

The tensile test is a totally uniaxial test. For this reason, the criteria explained in this section are considered criteria for predicting
life to uniaxial fatigue loading.

The equations that relate the ultimate tensile strength, ductility, and Young’s modulus to the fatigue life for any range of strain
were obtained through the experimental fatigue life characterization of 49 materials. These equations are the Universal Slope Method
[14] and the four-point correlation (15). The fatigue parameters established by the modified universal slope method are those shown
in the following equations:

) 0.832
0 = E+0.623+ ( R’")
E

(€]
b= -0.09 (5)
, R, \ 053
= 0.0196¢ 0-155-(—’")
& Ef 5 ©)
c=-0.56 )
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Table 4
Modified universal slope criterion fatigue properties of S235JR, S355MC, and S500MC steels.

Modified universal slope criterion

S235JR S355MC S500MC
&¢ (MPa) 943.37 1039.85 1124.32
E (MPa) 216,975 Exp. 217,193 Exp. 201,925 Exp.
Rm (MPa) 555.66 Exp. 624,52 Exp. 697.5 Exp.
b —0.09 —0.09 —0.09
ef 0,442 0.425 0,37
ef 0,741 Exp. 0,858 Exp. 0.67436 Exp.
c —0.56 —0.56 -0.56

where cr} is the fatigue strength coefficient, E is Young’s modulus, b is the fatigue strength exponent, s} is the fatigue ductility
coefficient, ¢ is the monotonic fracture ductility, c is the fatigue ductility exponent, and Ry, is the ultimate tensile strength.

The fatigue properties listed in Table 4 were obtained by applying Egs. (4)—(7) to the results obtained in the tensile tests for steels
S235JR, S355MC, and S500MC.

5. Fatigue life prediction criterion for welded joints

Until now, different criteria and methodologies have been analyzed to make fatigue life predictions in base materials. However,
the analysis that offers the best results for fatigue life in the Thermally Affected Zones by the welding process is that carried out by the
International Welding Institute (IIW) [17,18], as stated Malon in his Doctoral Thesis [16].

The IIW establishes recommendations for the design and analysis of fatigue life in welded components owing to the modifications
in the material properties that originate in the welding process [34].

The recommendations established by the IIW for fatigue life are valid for steels having a yield stress up to 960 MPa. In addition,
these recommendations are not valid for low cycle fatigue, for cases in which the maximum working stress is higher than the material
yield stress, or in cases where the temperature is high and there is a creep phenomenon [23].

Fig. 15 shows two different values of the Fatigue Stress Amplitude (FAT or “stress stroke”) that gives a fatigue life of two million
cycles for steel overlap welded joints. A FAT parameter equal to 36 corresponds to failures occurring at the welding root or weld
throat. A FAT parameter equal to 63 corresponds to failures occurring at the weld bead base or weld toe, just in the Thermally
Affected Zone.

Although the International Institute of Welding recommends applying both FAT specifications, the experimental results carried
out by the Department of Mechanical Engineering of the University of Zaragoza showed that for steels under study in this work, all
breaks took place in the Thermally Affected Zone. Therefore, the value considered in this paper for the FAT parameter is 63.

The detail category for T-shaped welded joints stated by Eurocode 3 [35] is shown in Fig. 16).

It can be observed that for T-shaped welded joints whose flanges have a thickness lower than 50 mm and are independent of the
web thickness have a detail category (FAT) equal to 80.

For the T-shaped welded specimens tested to perform this work, the failure occurred in the weld toe, as shown in Fig. 16.
Therefore, the considered FAT value or detail category for the tested samples was also 80.

According to Eurocode 3, the S-N fatigue life curves have the following expression:

logN = loga — melogAc, (8

where N represents the number of cycles or reversals to failure, m is the slope of the S-N curve, and Ag;, is the fatigue stress amplitude
or stress stroke.

The loga value is obtained by solving Eq. (8) for 2 million cycles and where Ao represents the detail category for a slopem = 3. A
slope of 3 is the value to consider for normal stresses, up to a number of cycles or reversals to failure, N, equal to 107 cycles. Until that
N value, the m slope varies according to the application for which the fatigue life is being calculated. For N greater than 107 cycles,
the m slope is null.

Table 5 lists log a values calculated for each of the joining typologies presented in this work, which are the overlap welded joint
and the T-shaped welded joint.

S
£ —
Description: FAT
Transverse loaded overlap joint with fillet welds:
Stress in plane weld toe (toe crack) 63
Stress in plane weld throat (root crack) 36

Fig. 15. FAT class in IIW equivalent to “detail category” in Eurocode of overlapping welded joints.
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F Description: FAT
T-shaped welded joint.
Full penetration. 80
Toe failure.
t<50 mm

Fig. 16. Detail category of T-shaped welded joints.

Table 5

S-N curve parameters according to IIW criteria.
Joint type Detail Category log (Ac,) N log N m log a
Overlap 63 1.7993 210° 6.301 3 11.699
T-shaped 80 1.9031 210° 6.301 3 12.010

6. Experimental characterization of fatigue properties of the S235JR, S355MCD, and S500MC

Fatigue tests were carried out on overlap-welded samples under alternating or fluctuating load conditions. The aim was to obtain
the survival probability distribution for the different load cases and to verify that the results were adjusted to a Weibull distribution to
determine the fatigue life. S235JR, S355MC, and S500MC steel specimens were tested, and mixed specimens joining two different
steels were also manufactured and tested Fig. 17.

The failure for the S235JR, S355MC, and S500MC specimens and mixed tested specimens always occurred in the Thermally
Affected Zone closest to the weld bead, or TAZ1, as seen in Fig. 18.

The results obtained in the fatigue tests, with different levels of mean load and load amplitude for the overlapping specimens of
S235JR, are summarized in Table 6.

7. Weibull distribution

The probability density function of the Weibull [20,21] distribution is as follows:

o = £tﬁfle[_(é‘)ﬁ], £>0

of (©)

where a and 8 are positive parameters, a is the scale parameter, and f3 is the form or profile parameter. Fig. 19 shows the form of
different reliability functions of the Weibull distribution for a value of parameter @ = 1 and different values for parameter f. Later,
this parameter  will be referred to the number of cycles.

The next step was to verify if the fatigue experimental data fit a Weibull distribution. For this purpose, the graph In(In(1/R,(t)))
vs. In(t) was charted, where t is the data along the x-axis, and R,(t) is the empirical reliability function.

The implementation of the Weibull probabilistic distribution chart uses the following steps:

o Sort the results of the life cycles from lowest to highest

h <SS Sty (10)

® Assign ranges
o Calculate F,(i), which represents the percentage of failures that occur before the time corresponding to range i. The calculation of
this parameter depends on the authors. In this case, the Herd-Johnson method according to Nelson [22] is used:
i
(n+1) a1

E®) =

e Finally, the points are drawn. For the rank of i failure, In(t(i)) is placed in the abscissas, and In(In(1/(1-F,(i))) is located on the
ordinate axis.

Fig. 17. Overlap-welded samples.

10
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Table 6

Fatigue results in overlap-welded specimens S235JR-S235JR.

Fig. 18. Overlap-welded samples after fatigue failure.

Engineering Failure Analysis 108 (2020) 104268

S235JR-S235JR

Test sample

Mean load (kN)

Amplitude load (kN)

Number of cycles to failure

1 22 18 60
2 20 10 91,090
3 20 10 84,893
4 20 10 58,594
5 20 10 92,872
6 16 14 16,580
7 16 14 26,882
8 16 14 20,410
9 20 5 477,985
10 20 15 33,181
11 20 15 17,360
12 20 15 26,739
13 25 5 574,794
14 25 5 782,160
15 25 5 402,728
16 18 12 38,472
17 18 12 41,127
18 18 12 34,465
19 25 5 1,671,200
f(t)

Fig. 19. Density function of Weibull distribution for different values of B and o = 1.

® On this basis, it can be visually determined if the data matches a line. Moreover, a least-squares adjustment can be used.

The results obtained for each load case were evaluated. For example, the results obtained for steel S235JR overlap-welded

specimens with an average load of 25 kN and amplitude of 5 kN are shown in Fig. 20.

The results in terms of the Weibull adjustment were obtained for different average loads and amplitudes for the three studied
steels. Afterward, the real mean load to which the test samples were subjected was corrected by the Morrow equation. Thus, the
equivalent number of cycles was obtained, corresponding to the equivalent load, related to the equivalent load amplitude and a null

mean load.

As an example of the data, the results of the Weibull adjustment and Morrow correction for a 5 kN load amplitude and S235JR
steel overlap-welded specimens are shown in Fig. 21.
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Fig. 20. Weibull adjustment for Steel S235JR overlap-welded samples. Average Load = 25 kN. Amplitude = 5 kN.
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Fig. 21. Weibull adjustment for steel S235JR overlap-welded samples. Amplitude = 5 kN (Morrow correction).

8. Adjustment by using R-software of data distribution obtained by testing of overlap-welded specimens

The R-software [23] includes different analysis packages to check if a testing data series fits a probability distribution. The
package that has to be loaded to perform the operations detailed here is the MASS package [36].

The first function of this package to be used is the “fitdistr ()” function, which estimates the parameters of a distribution by the
maximum likelihood method [24]. In this case, the parameters that were being estimated were those of a two-parameter Weibull
distribution: the shape parameter and the scale parameter.

“fitdistr ()” function needs to pass at least two arguments. The first argument is the data vector that represents the number of
cycles to fatigue failure, and the second argument is the distribution type for which it is wanted to calculate the parameters according
to the maximum likelihood method.

Once the Weibull distributions that best fit the data obtained from experimental fatigue testing are obtained, it is necessary to
check the accuracy of this adjustment. To do so, the following contrast of hypotheses is proposed:

Ho: The data sample fits the given distribution

H;: The data sample does not fit the given distribution

There are different tests in the bibliography to carry out the verification of the adjustment accuracy. Some of them are the chi-
square test proposed by Karl Pearson [26], the Kolmogorov-Smirnov [27] test, and a test by Anderson-Darling [25].

The test applied in this study was the Anderson-Darling test since it has been shown to offer better results in terms of fit accuracy
for small-sized batches of samples such as those studied in this analysis, as stated in Mohd and Bee [37].

The Anderson-Darling test is based on the differences between a distribution function FO(t) and the empirical distribution
function, where the empirical estimator of the distribution function is the following, as confirmed by Kalbeish and Prentice [38]:

Number of observations <t
n 12

F(n)=
The statistic of this test is

12
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Table 7
Weibull distribution parameters, Anderson-Darling test, and p-value for S235JR and S355MC steel specimens.

Weibull Parameter

Steel Load Shape Scale Anderson-Darling p-value

§235 JR 5 2.3707 3.629 x 10° 0.2611 0.964
10 3.3949 3.52 x 10° 0.6118 0.6321
12 1.7329 1.65 x 10° 0.2641 0.9689
14 5.6387 8.28 x 10* 0.2943 0.945
15 2.2485 1.18 x 10° 0.6667 0.5831

$355 MC 5 2.2524 9.10 x 10° 0.9931 0.3591
10 9.3035 4.93 x 10° 0.42445 0.821
12 4.8440 2.06 x 10° 0.5848 0.6562
14 29.377 7.44 x 10* 0.3619 0.8813
15 7.5735 1.64 x 10° 0.4879 0.755

a2 FO-RKOY

n =

dFy (1)
© K1 - FK@©) 13

Critical values are tabulated and the null hypothesis Hy is rejected for large values of the statistic A2 [39].

The ADGof Test package in the R-software, explained by Gil [40], is able to perform the Anderson-Darling test to check if the data
fit accurately to a Weibull distribution.

The p-value is considered a measure of the statistical evidence provided by the data in favor of the alternative hypothesis H; (or
against Hyp). When the p-value is lower or equal to 0.05, there is strong evidence in favor of H;.

For illustrative purposes, the Weibull distribution parameters, Anderson-Darling test, and p-value are shown in Table 7 for the
S235JR and S355MC steel specimens and for different load amplitudes.

9. Modification of fatigue life prediction curves of IIW based on specific parameters of material: Tello-Castejon adjustment
model

Based on the fatigue life prediction criteria of the IIW, different modifications were made to obtain better results, taking into
account the base material parameters before welding and the material properties of the Thermally Affected Zones after the welding
process.

The scheme followed to obtain the new fatigue life prediction criterion in welded joints is shown in Fig. 22.

First, fatigue tests were carried out on overlap-welded samples under alternating or fluctuating load conditions in order to obtain
the corresponding fatigue characterization. Second, the results were transformed to equivalent results with null mean loads by means
of the Morrow equation.

Subsequently, fatigue results were represented in an S-N chart, and the fatigue life prediction curve established by the IITW was
also represented for the corresponding geometry when selecting the adequate FAT (detail category). Both curves were compared, and
the difference in the stress stroke and the difference in the slope between both curves were determined.

Figs. 23-25 show the fatigue life testing curves of the overlap-welded specimens for different steels, transformed by the Morrow
equation for a null mean load. Having obtained the difference between the fatigue experimental curves and the fatigue IIW curves in
terms of the stress stroke and variation of the slope, the following properties were also needed: the base material mechanical
properties and the mechanical properties of the Thermally Affected Zones. Subsequently, fatigue life prediction curves were obtained
for the materials studied, as it explained later. The studied steels, namely, S235JR, S355MC, and S500MC, are typically applied in
semi-trailer construction.

The following expressions were obtained for the S-N curves:

S235JR: y = 8220.3+x0-2% (14)
S355MC: y = 2616.5ex01% (15)
S500MC: y = 3082.7+x~0189 (16)

where y is the Stress stroke, and x is the number of cycles.

The exponents of the curves obtained for the studied steels are listed in Table 8. In addition, the quotient (Lelast_base/RmTAZ)
was obtained by dividing between the base material yield stress (Lelast_base) and the strength of the Thermally Affected Zone
(RmTAZ). These results are listed in Table 8 for the tested steels.

It can observed in Table 8 that as the quotient between the base material yield stress (Lelast_base) and the strength of the
Thermally Affected Zone (RmTAZ) increases, a decrease in the exponent of the S-N fatigue life transformed curves for a null mean
load takes place.

It can be deduced that the relationship between these two parameters follows the equation shown below, with an R? adjustment of
0.9724:
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Fig. 22. Diagram for obtaining Tello-Castejon criterion.
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Fig. 23. Fatigue life transformed curves of overlap-welded samples for steel S235JR.

( Lelastpase

= 0.0254+ (Exponent) =206
RmTAZ

a7

This expression has been called the first equation of the Tello-Castejon criterion for the adjustment of the exponent of a fatigue life
curve slope in welded joints. By means of the base material yield stress and the strength of the Thermally Affected Zone for a specific
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Fig. 24. Fatigue life transformed curves of overlap-welded samples for steel S355MC.
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Fig. 25. Fatigue life transformed curves of overlap welded samples for steel SSOOMC.

Table 8
Slope of fatigue life prediction curves as stated by IIW and experimentally obtained for tested steels.

Slope variation justification

Iw S235JR S355MC S500MC
Exponent 0.333 0.294 0.199 0.189
Yield stress of the base steel (Lelast_base) (MPa) 309.73 405.27 574.11
RmTAZ (MPa) 961.75 620.5 668.35
(Lelasty,se/RmTAZ) - 0.322 0.653 0.859

steel, and with the application of this equation, it is possible to obtain the exponent of the fatigue life transformed curve for a null
mean load, related to the steel considered.

The IIW criterion for adjusting the fatigue curve establishes a stress stroke for a fatigue life of 2 X 10° cycles that varies depending
on the joint geometry, which is called the detail category or FAT. For the case of the overlap-welded specimens, the detail category
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Table 9
Variation of stress stroke with respect to ITW.

Cut point variation justification

Imw S235JR S355MC S500MC
Stress stroke for 2 x 10° cycles (MPa) 63 115.45 145.82 198.63
1000/Stress stroke increment - 19.067 12.074 7.373
(Lelast_base/Rmzat) - 0.322 0.653 0.859

established by the IIW is 63, which is the value of the tension stroke in MPa that corresponds to a fatigue life of 2 x 10° cycles.

Table 9 lists the experimental fatigue results obtained for the tested steels. The stress stroke value at 2 x 10° cycles established by
the IIW criterion corresponds to a 95% survival probability. However, values listed in Table 9 for the tested steels correspond to a
stress stroke of the average number of survival cycles, which is 50%. Therefore, the stress stroke increment is the stress stroke for
2 x 10° cycles, obtained for each steel, minus 63 MPa.

It can observed in Table 9 that as the quotient between the base material yield stress (Lelast_base) and the strength of the
Thermally Affected Zone (RmTAZ) increases, a decrease in the 1000/stress stroke increment expression takes place.

It can be deduced that the relationship between these two parameters follows the equation shown below:

(—LelaSt"*‘se) = —0.046 ( 1000 ) +1.2022
RmTAZ "\ Stress stroke increment ’

(18)

This expression has been called the second equation of the Tello-Castejon criterion for the adjustment of the stress stroke in-
crement compared with that of the [IW. By means of the base material yield stress and the strength of the Thermally Affected Zone for
a specific steel, and with the application of this equation, it is possible to obtain the stress stroke of the fatigue life transformed curve
for a null mean load, related to the steel considered.

The Tello-Castejon criterion can be considered the most important contribution from this paper, given that for a commonly used
steel in semi-trailer manufacturing with a usual yield stress between 260 and 960 MPa, it allows for the estimation of the corre-
sponding fatigue life transformed curve for a null mean load. The only parameters needed for that estimation are the base material
yield stress and the strength of the Thermally Affected Zone. Furthermore, the obtained fatigue life curve can be applied to the
calculation of the fatigue life of a semi-trailer and its components or other structures with a determined survival probability according
to the Weibull distribution.

The amount of work involved in obtaining each curve such as those presented in Eqgs. (14)-(16) for each combination of welded
steels applied on welded semi-trailer components is very high. However, it is relatively easy to experimentally obtain the yield stress
of a base steel, if this value it is not given by the steel producer, and RmTAZ by conducting hardness testing. These two parameters
alone are sufficient to define the equation that relates the stress stroke (Ac;), and the number of cycles (N) by means of the
Tello-Castejon criterion, as follows:

1. Acquisition of the yield stress of a determined steel (Lelasty,s.) and the strength of its RmTAZ.
. Calculation of the quotient (Lelasty,sc/RmTAZ)
3. Determination of the corresponding S-N curve: Ag, = Coefficient .-N"(- Exponent)

N

3.1 where the Exponent can be obtained from the first equation of the Tello—Castejon criterion:

( Lelastpase

) = 0.0254+ (Exponent) =206
RmTAZ

(#) —0.484
—2.066
(Exponent) = { 1 (%)} - {3937( LelaStbase )}

0.0254 \ RmTAZ RmTAZ

3.2 and the Coefficient can be obtained from the second equation of the Tello-Castejon criterion:

(Lelastbase) — —0.046. ( 1000 ) +1.2022

RmTAZ Stressstrokeincrement
. 1000 1000
Stress stroke increment = : ” = o
elastpase elastpase
70_046{( et ) — 1.2022} —21.74{( ) 1.2022}

Ao, = Stress stroke = Stress stroke increment + 63

6—bxponem

10

2.
Coefficient =
Ao,
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DN

Fig. 26. Outline of three-axle semi-trailer from Lecitrailer.

By means of this procedure, the fatigue life testing curve of the overlap-welded specimens can be estimated for a particular steel
with a usual yield stress between 260 and 960 MPa, such as those generically applied in the semi-trailer industry, transformed by the
Morrow equation for a null mean load.

Therefore, this procedure is intended to be particularly useful for steels that do not have a complete characterization of their
fatigue parameters.

Moreover, fatigue life testing curves obtained in this way can be incorporated into a post-process subroutine to determine the
fatigue life of welded components of semi-trailers, particularly in their TAZs, as a function of the survival probability, as will be
shown in the following chapter.

10. Numerical and experimental analysis of a three-axle semi-trailer bracing support

Three-axle semi-trailer vehicles are characterized by the fact that the front part of the structure is supported on the fifth wheel of
the tractor cabin by means of a King Pin. Fig. 26 shows a three-axle platform semi- trailer.

At the rear of the semi-trailer structure, the three axles are mounted on the bracing supports. The axle bracing assembly is formed
by the axle bracing support, the shaft, and the air spring. Fig. 27 shows a bracing support-shaft-air spring assembly of a three-axle
semi-trailer.

Two different configurations of axle bracing support were tested and calculated. As can be seen in Fig. 28, the axle bracing
supports on which the shaft is underpinned in the assembly are different. These axle bracing supports are called a straight-shaped
support and curved-shaped support in order to differentiate them. Calculations and testing were carried out with this assembly.
Therefore, it was possible to verify which had a higher strength and a longer fatigue life.

11. Calculation by means of finite element method of axle bracing support of a three-axle semi-trailer

Initially, a finite element model of the subassembly [41,42] was developed to conduct a numerical analysis of the two axle bracing
supports. A total of 42,350 elements and 42,100 nodes were applied to the numerical model. The elements used for modeling the
subset are linear shell type. The type of analysis was linear static and the maximum load was applied. An image of the first complete
subset model is shown in Fig. 29.

The curve-shaped support and straight-shaped support are shown in Fig. 30. Moreover, it can be seen how Thermally Affected

Fig. 27. Support-shaft-air spring assembly for semi-trailer.
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Fig. 28. Exploded view of bracing support assembly.

i 8

Fig. 29. Finite element model of axle bracing assembly.
A I B l

Fig. 30. Detail of two different axle bracing supports: curve-shaped (A) and straight-shaped (B).

Zones were modeled in the junction area of the diagonal reinforcements with the axle bracing support.

Calculations and tests were carried out for the entire assembly. First, a numerical analysis was developed for the bracing support
assembly including the two different axle bracing supports. The loads applied to the finite element model are shown in Fig. 31. A
lateral alternating sine wave load with a 3.5-T amplitude and null average load was applied to each support. This lateral load took
place in the first and third axes of the semi-trailer when a minimum radius turn maneuver was being driven. Fig. 32 shows the von
Mises (MPa) stress distribution obtained by applying 3.5-T loads to each support pin.

The fatigue life of the axle bracing assembly was calculated by executing the fatigue life prediction procedure explained in this
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Fig. 31. Loads applied over axle bracing assembly.
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Fig. 32. Von Mises stresses when applying 3.5-T loads.

article, considering the application of the load case previously explained. A 50% and a 95% survival probability were considered.

Figs. 33 and 34 show the results of the fatigue life prediction for this 3.5-T load case and for 50% and 95% survival probabilities.
These results focused on the most unfavorable support, which is the curve-shaped support.

Simultaneously, a fatigue test was carried out on a semi-trailer axle bracing assembly until the failure of a component took place.
A curve-shaped support (type A) and straight-shaped support (type B) were welded to the subset. Loads were applied to both supports
in a synchronized manner. Additionally, strain measurements were taken by means of an extensometric strain gauge rosette located
in the curve-shaped support in order to measure the strain evolution along the test.

Fig. 35 shows the two supports that were tested under a lateral alternating sine-wave load of 3.5 T.

The extensometric strain gauge rosette was located on the side of the curved support. The detail of the rosette location can be seen
in Fig. 36.

The axle bracing subset was rigidly attached to a metallic bench to carry out the fatigue test. The assembly of the bench and
hydraulic actuator cylinders can be seen in Fig. 37.

The axle bracing assembly including two different axle bracing supports was tested under the conditions referred in Table 10.

The results of the test showed that at 640 cycles, there was a noticeable variation in the structure displacement owing to the
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Fig. 33. Fatigue life prediction for 3.5-T load case and 50% survival probability for curve-shaped support.
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Fig. 34. Fatigue life prediction for 3.5-T load case and 95% survival probability for curve-shaped support.

Fig. 37. Axle bracing assembly on test bench.

appearance of cracks in the joining areas of the axle bracing supports with the diagonal reinforcements.
Cracks appeared in both axle bracing supports. However, cracks in the curve-shaped bracing support (type A) were more apparent
than those in the straight-shaped bracing support, to the point that cracks in the latter were not visible to the naked eye Fig. 38.
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Table 10

Initial test conditions applied to axle bracing assembly and result in terms of fatigue life.
Temperature (°C) 23 (—5,+5) Cylinders INSTRON
Wave type Sine Load cell INSTRON 50 kN
Control By Load Load (Tons) —-3.5/3.5
Frequency (Hz) 0.15 Cycles 640

Fig. 38. Cracks in both axle bracing supports after 3.5-T load fatigue test.

The results obtained from the strain gauge rosette located on the curve-shaped bracing support (type A) are shown in Fig. 39. The
scale of main stress 1 is shown on the left y-axis, whereas the scale of main stress 2 is shown on the right y-axis. Key stress values that
were compared with the corresponding numerical ones are indicated with arrows in Fig. 39.

Equivalent von Mises stresses were obtained for the two ends of the 3.5-T load fatigue test from the results shown in Fig. 39. These
are listed in Table 13.

Additionally, the elements of the finite element model that correspond to the position of the strain gauge rosette in the experi-
mentally tested assembly were selected in order to correlate the experimental results with the numerical ones in terms of stress.
Fig. 40 shows the elements that correspond to the strain gauge rosette placed in the curve-shaped support (type A).

The von Mises stresses obtained by FEM in these elements were 90.1 MPa for + 3.5 T of load and 89.35 MPa for —3.5 T of load
Fig. 41. The corresponding von Mises stresses experimentally obtained for the same loads were, respectively, 91.7 MPa and 83.5 MPa.
Therefore, there was a numerical-experimental correlation greater than 93.5%.

Once testing of the bracing assembly with different supports was finished, a new axle bracing assembly was manufactured, in
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Fig. 39. Rosette measurements in 3.5-T load fatigue test.
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Fig. 40. Elements of finite element model of curve-shaped support (type A) at strain gauge rosette location.
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Fig. 41. Von Mises stress numerically obtained at strain gauge rosette. Left: +3.5-T load, right: —3.5-T load.

which both of the mounted supports were type B. The type B support exhibited the greatest fatigue resistance in the first test.
Additionally, the test load was also reduced to 3-T to obtain a longer fatigue life. The new bracing assembly including both type B
supports mounted on the test bed can be observed in Fig. 42.

Fig. 42. New axle bracing assembly on test bench.
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Table 11

New test conditions applied to new axle bracing assembly and result in terms of fatigue life.
Temperature (°C) 23 (—5,+5) Cylinders INSTRON
Wave type Sine Load cell INSTRON 50 kN
Control By Load Load (Tons) -3/3
Frequency (Hz) 0.15 Cycles 14,645

Conditions for conducting the 3-T test with the new axle bracing assembly, as well as the results obtained, are listed in Table 11.

Fig. 43 shows a detail of the crack produced in the axle support during the 3-T load fatigue test.

Fig. 44 shows the von Mises (MPa) stress distribution obtained by applying 3-T loads to each support pin of the new axle bracing
assembly, in which two straight-shaped supports were included.

Figs. 45 and 46 show the results of the fatigue life prediction for this 3-T load case applied to the new axle bracing assembly and
the results for 50% and 95% survival probabilities. In this bracing assembly both supports are type B or straight-shaped, given that
this type exhibited a higher resistance in the previous test.

A summary of fatigue life results obtained numerically and experimentally is shown in Table 12.

For the second of the axle bracing assemblies tested under 3-T loads, the predicted fatigue life numerically obtained for a 50%
survival probability is verified to be very well correlated with the experimental one.

12. Conclusions

The main contributions of this work are summarized below and can be used in the semi-trailer optimization process or any other
kind of structure in general, by means of carrying out a fatigue analysis and its effect on the welded joints and structural components
of this type of vehicle.

« Fatigue life characterization for different types of welded joints and for different combinations of widely used steels in semi-
trailer manufacturing, such as S235JR, S355MC, and S500MC, was carried out.

« A fatigue life prediction criterion was developed for welded joints that takes into account the geometry of the welded joint as
well as the mechanical properties of the base material and its Thermally Affected Zone (TAZ) after the welding process.

» By means of both equations of the Tello-Castejon criterion, it is possible to adjust the exponent and the variation of the stress
stroke compared with the IIW, corresponding to the fatigue life transformed curve for a null mean load, related to the steel considered
in welded joints. This procedure is especially useful for steels that do not have a complete characterization of their fatigue para-
meters.

« This fatigue life prediction criterion was implemented in a post-process subroutine to determine the fatigue life of welded
components of semi-trailers, specifically in their Thermally Affected Zones. Moreover, the study focused on the joining between the
axle bracing support and diagonal reinforcements and longitudinal beams.

» The methodology developed to predict the fatigue life in welded joints by using the Finite Element Method, and the developed
fatigue life prediction criterion, were validated through the testing and simulation of a two semi-trailer axle bracing subset. A good
correlation between numerical and experimental results was obtained when the fatigue life was significantly high. On the one hand, it
has been verified that the fatigue life prediction criterion for welded joints, based on the work of the IIW, is not valid for very low
cycle fatigue. On the other hand, considering that the fatigue life range of these subsets, which is traditionally approximately
15,000-20,000 before maximum load (minimum radio maneuver), a good correlation has been proven with the second tested
subassembly.

Fig. 43. Detail of the crack in one of the axle bracing supports after a 3-T load fatigue test.
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Fig. 44. Von Mises stresses (MPa), when applying 3-T loads to the new axle bracing assembly, including two type B supports.
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Fig. 45. Fatigue life prediction for 3-T load case and 50% survival probability for straight-shaped support in the new axle bracing assembly.
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Fig. 46. Fatigue life prediction for 3-T load case and 95% survival probability for straight-shaped support in the new axle bracing assembly.
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Table 12
Fatigue life results.
Numerical fatigue life prediction: Numerical fatigue life prediction: Experimental fatigue
50% survival probability. (cycles) 95% survival probability. (cycles) life.
(cycles)
First axle bracing assembly, including straight and 10,300 2,802 640
curved-shaped supports. Sinusoidal load applied:
—3.5/3.5T.
Second axle bracing assembly, including only straight- 13,900 3,781 14,643
shaped supports. Sinusoidal load applied —3/3T.
Table 13
Von Mises stresses for 3.5-T load fatigue test.
Load (Tons) SS1-Mean stress S1 (MPa) SS2-Mean stress S2 (MPa) Von Mises equivalent stress (MPa)
3.5 100 20 91.7
-3.5 -15 -90 83.5

Appendix A. Supplementary material
Supplementary data to this article can be found online at https://doi.org/10.1016/j.engfailanal.2019.104268.
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