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1 INTRODUCTION

In the fatigue design of components and structures, it is imperative to know the fatigue properties of the used
materials, whether welded or not. Several studies have been carried out to determine the fatigue properties of the
materials, seeking to combine a high degree of confidence with a reduced number of specimens, since fatigue tests
are expensive and time consuming.

Many studies focused on fatigue properties were and still are being developed, such as Shen (1994), Pascual
and Meeker (1997), Gope (1999, 2002), Pinto et al. (2002), Pascual (2003), Lorén and Lundstréom (2005), Paolino,
Chiandussi and Rossetto (2013), Pang et al (2014), Strzelecki and Sempruch (2016a, 2016b), Strzelecki and To-
maszewski (2016) and Paolino et al (2018). In these researches, different practices and experimental plans were
studied to obtain the S-NVcurves, as well as probabilistic methods were employed. The Monte Carlo simulation is an
important statistical tool to analyze fatigue data, since fatigue life is probabilistic and not deterministic. Several
studies were conducted based on Monte Carlo Method, such as Bai et al. (2017), Cetin, Hirkegérd and Naess (2013)
and Sanches et al. (2015).

Some authors already used the term “hybrid approach” for developed methods that use mixed analytics and
experimental data. For example, one can refer to Strzelecki and Sempruch (2016a, 2016b) and Szala and Ligaj
(2016). The hybrid approach proposed by Strzelecki and Sempruch (2016a, 2016b) consists of setting the fatigue
properties using an analytical method, and then correcting the accuracy of life determination by carrying out a
“simplified” experiment. This simplified experiment is based on determining an experimental point within the lim-
ited life range for the fatigue strength corresponding to 105 cycles based on the analytical characteristics. Szala and
Ligaj (2016) propose a hybrid method that involves an assumption that cyclic properties of steel in the range of
low cycle fatigue are defined by a strain based approach (Manson-Coffin diagram), whereas in the high cycle fatigue
range, cyclic properties of steel are described with Wohler diagram in stress based approach.

The most accurate way to obtain the fatigue properties of the material is by the experimental tests, conducted
according to standards such as ASTM E739 (2015), JSME S 002 (1994) and ISO 12107 (2012), which specify the
minimum number of specimens required in fatigue tests according to the type of application. However, in some
design situations, obtaining the fatigue properties of the materials only with tests, i.e. an experimental S-V curve, is
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very difficult due to time and costs, justifying the use of procedures based on the design codes or a hybrid method,
such as the method proposed here.

The aim of this article was to propose and validate a hybrid approach for obtaining $-/V curves with a reduced
number of tests, balancing time and costs to get a S-/V curve for the design of a component.

2 PROCEDURES FOR OBTAINING S-N CURVES

In the fatigue life evaluation, the $-V curve method in the high cycle fatigue region is commonly used and has
great acceptance in the design of components or structures that are exposed to cyclic loads. Several mathematical
models have been proposed over the years to describe the relationship between cyclic stresses and number of cy-
cles to failure (S-NVcurve). One that has great acceptance and is frequently used in fatigue design codes is shown in

Equation 1 (Maddox, 2014), which is based on the stress range aS, number of cycles to failure N and the fatigue
proprieties of material C and M.

AaS"TN=C o

In Equation 1, the slope M and fatigue constant C can be obtained by experimental or standards-based pro-

cedures. The form presented in Equation 1 defines the relation between stress range AS and number of cycles N

for the finite-life region, where N is the slope of the straight line in log-log scale and can be related to the parameter

b by the equation b =—1/m. Figure 1 shows a schematic representation of an S-V curve for steels with the main
parameters involved and the main regions of the curve.
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Figure 1: Schematic representation of an S-N curve for steels (Lee, 2005).

2.1 Procedures for determining the S$-Vcurve based on Design Standards

During the development of a new machine component or structure, which is subject to time-varying loads, the
fatigue properties of the material or component must be available or obtained. A rapid method for determining the
S-N curve in limited life region, and widely used in the design phase, is the use of codes according to the structure
type. A list of some standards is presented in Table 1.

In this article, the Brazilian standard NBR 8800 (2008) was used, which is similar to AISC (2016) and both
standards define the properties for welded structural details according to a fatigue category for nominal stress. For
the fillet welded joint studied in this work, the fatigue category is presented in Figure 2, which corresponds to stress

category C according with NBR 8800, with constant C,; = 44x10° and Oy =69 MPa for 95% of reliability (see

Appendix K in the NBR 8800 for all fatigue categories). For others values of the reliability, the constant Cf must be
adjusted. For comparison purposes with others results obtained by experimental and hybrid approach in Section
3, the adjusted constant Cf is 67.3x10" for 50% of reliability.
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Table 1: Some international standards for evaluation of fatigue life in welded structures.

Standards Regulatory Authority
1w International Institute for Welding

Eurocode 3 - EN 1993-1-9 (2005) The European Union

AASHTO/AWS D1.5-2010 American Welding Society

BS 5400:1980 British Standards Institute

AISC 2016 American Institute of Steel Construction
DIN 15018 (1984) Deutsches Institut fiir Normung
ABNT NBR 8800 (2008) The Brazilian Association of Technical Standards

Potential crack
due to bending

tensile stress
-~ —

(a) (b)

Figure 2: Fatigue detail (stress category C) for the studied welded joint (NBR 8800, 2008).

NBR 8800 (2008) must be applied to members and connections subject to high cycle loading within the elastic
range of stresses of frequency and magnitude sufficient to initiate cracking and progressive failure, which defines
the limit state of fatigue, and is applied to stresses calculated on the basis of service loads with the maximum per-
mitted stress due to service loads of 0.665,. No evaluation of fatigue resistance is required if the live load stress

range is less than the threshold allowable stress range Ogz and for sections or plates if the number of cycles of

application of live load is less than 20000 cycles. For welded joints the range of stress at service loads shall not

exceed the allowable stress range ( O7y ) computed for stress categories A, B, B’, C, D, E and E’, shall be determined

by Equation 2:
0333
327¢C,
Osp = N 2Oy

(2)
where the stress category is defined by the detail type according Tables K.1 e K2 of the NBR 8800. The constant Cf

and Oy is found in Table K.1.

2.2 Procedures for determining the $-Ncurve based on experimental tests

Several statistical schemes for obtaining an S-V curve are available, some methods are presented by JSME S
002 (1994), Nakazawa and Kodama (1987), ASTM E739 (2015), Shen (1994), Wirsching (1983), and Kececioglu
(2003), which are widely used for experimental planning of fatigue tests. A brief definition of the standard ASTM
E739 (2015), that suggests a procedure for statistical treatment of data in the generation of fatigue curves, which
was employed to analyze the experimental fatigue data generated in the present work.

ASTM E739 (2015) recommends that more than one specimen should be tested at each stress level, otherwise,
the evaluating of variability would not be possible. Percent replication (PR) depends on the total number of speci-

mens tested (FIS) and the number of stress levels (L) used during the tests, as defined by Equation 3. In other

words, PR indicates the portion of the total number of specimens tested that may be used to obtain an estimate of
the variability of the replication tests. This standard defines a minimum percentage of replication depending on the
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test purpose. Table 2 shows that the sample size and the percentage of replication required in the S-/ testing,
depending on the type of test program conducted.

PR (%)=100| 1-—

Table 2: Minimum sample size and percentage of replication according to ASTM E739 (2015).

L
n

S

Minimum number of

Minimum percent

Type of test specimens replication (%)
Preliminary and exploratory (exploratory re- 61012 17 to 33
search and development tests)
Research and developmen_t testing of components 61012 33 t0 50
and specimens
Design allowable data 12 to 24 50to 75
Reliability data 12 to 24 75 to 88

2.3 Hybrid approach proposed to obtain the S-NVcurve

(3)

This section introduces a new hybrid approach, which consists of defining an $-V curve with reduced tests
associated to simulated data based on statistical distributions of slope [Tl available in the literature. The objective
of the proposed methodology is to improve the estimation of the fatigue life with lower costs and reduced time,
however enabling better results compared to the design codes, which sometimes are very conservative. The pro-
posed methodology enables lower costs and time, once the number of specimens tested is considerably smaller
than that required in case of purely experimental method as per ASTM E739 (2015). Strzelecki and Sempruch
(2016Db) performed a study that takes into account error in fatigue life determination and time for the experiment
execution, whereby it was concluded that the use of a hybrid approach is preferred to determine the fatigue life
when aspects of cost and time are limited.

The proposed methodology is presented in the flowchart of Figure 3 and explained step by step below.

Step 1: Input parameters

l

Step 2: Testj specimens at each one of the 2 stress
levels chosen

l

Step 3: Initial estimation of fatigue properties of
the material using least squares method and linear
regression

!

Step 4: Determine the average number of cycles
for the chosen reference level with the estimated
initial properties

Repetitions equal to the number of specimens to be simulated

Step 5: Choose a value of the exponent m
randomly within the expected limits for the
material and supplied in the input data according
to distributions of probability of the literature

l

Step 6: Estimate the value of the constant C; using
the reference stress value, the average number of
cycles (Step 4) and the random m; value (Step 5)

Step 7: Choose a new stress level randomly with a
uniform distribution between the maximum and
minimum stress levels of interest

|

Step 8: Calculate the number of cycles using the
values of C; estimated, m; random and a new
stress level AS; chosen

r
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Step 9: Estimate the new properties of the
material taking into account all specimens tested +
simulated specimens

End

Figure 3: Flowchart for generation of hybrid S-N curves.
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Step 1: Provide the necessary input parameters, which are presented in Table 3, along with the values used in
the studies of this work. Two study cases were developed according to Table 3, one for a stress ratio #=0.1 and
other with R=-1. The main objective of these two setups was to evaluate the influence of the fatigue life range of
tested specimens, considering that the S-Vapproach is only valid for elastic stresses. For Case 1 (R=0.1), the range
of tested fatigue life is limited for specimens with longer lives (3x10° to 8 x10° cycles), since a high value of the
stress range would lead to maximum stress of the cycle above the yield strength of the material. On the other hand,
for Case 2 (R=-1), higher values of the stress range are possible, and the fatigue life range of tested specimens is
3x10* to 5x10* cycles, i.e. a totally different range from the one of Case 1, which may influence the results. K is
a reduction factor of the yield strength of material, necessary to define the maximum stress of the load cycle ac-
cording to Figure 4.

Table 3: Values of input parameters.

ID I Casel Case 2
nput parameter
1 Total number of actual specimens to be experimen-
6 6
tally tested

Maximum stress of load cycle for upper and lower

2 e ksy ) 1.08yand 0.8Sy 0.958,and 0.7Sy

3 Stress ratio (R) 0.1 -1

4 Static properties ofmatgrlal Syand Su: (from single- See Table 5 See Table 5
tensile test)

5 Number of virtual specimens to be simulated (/) 25 25

6 Probability distribution for the exponent m See Figure 4 See Figure 4

Step 2: Perform the experimental fatigue tests with reduced number of specimens at the two stress levels cho-
sen, with the number of tests chosen in Step 1. ] represent the number of specimens to be tested at each stress

level. A scheme is shown in Figure 4.

log (AS
g (A5) .  Number of specimens
at each level Initial S-N Curve
Stress AsY -0 \ Upper Stress Level
Sy -
* } Reduction factor of yield strength k
SPH{‘!." -3
Ref Intermediary Stress Level
IA‘Se'nr
AS AS; -
Lower Stress Level
ASE S
Smen S5 AN e
Legend:
Time @ Specimens tested
(a.) @® Reference point
m Specimens simulated

(b) N; Ref Log (N)

int

Figure 4: Schematic representation of the (a) load cycle and (b) preliminary tests for the proposed methodology.

Step 3: After the tests, the initial fatigue properties of the material are estimated through the use of minimum
squares and linear regression, obtaining the fatigue properties, called C,nitia] and Mitia -
Step 4: Using the initial fatigue properties estimated in Step 3, determine the average number of cycles for the

intermediate stress level Ny (see Figure 4), which will serve as the initial reference for the test simulations start-

ing at the Step 5. An intermediate stress level was chosen because the relative error in this levels are smaller than
in the upper and lower levels.
Step 5: Randomly select a value from exponent m within the limits desired according to experience or as avail-

able in the literature, which is called M}, where /represents the number of specimens to be simulated. In the pre-
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sent work, the probability distribution used was developed by the authors using a 3-parameters Weibull distribu-
tion to describe the relative occurrence frequency of the exponent m for 31 fillet welded joint made of steels, ac-
cording to Figure 5.

. . . Ref . .
Step 6: Using the stress range at the intermediate level ASinf as a reference, the number of cycles obtained in
Step 4, the value of IT] chosen at random in Step 5, a new value is estimated for the fatigue coefficient, denoted by

C, , according Equation 4.

g 4
3-Parameter Weibull
4 —
Shape 1.305
71 Scale  1.866
64 L — Thresh  2.402
/ e, & N 31
gs{ / i
g f
544 | -
@ |
[rage
24 <]
1 —
0 - ; [ I Iqﬁ_ =
3 4 5 6 7 8

m
Figure 5: Probability distribution of the exponent m for fillet welded joint of the steel.

int int

C| :(AS_Ref )mi N_Ref 4

Step 7: Using a uniform probability distribution, one should randomly choose a new stress value that will be

within the stress limits of the upper and lower levels chosen in Step 1, which is called ASi and will be used as

reference to generate the first specimen simulated in Step 8.

Step 8: In this step the first virtual specimen is generated, determining the number of cycles Ni using the
Equation 5 with the values of C, (Step 6), M (Step 5) and ASi (Step 7). As can be seen in Figure 4, a simulated

specimen is generated with the Stress ASi and the number of cycles Ni . The steps 5 through 8 are repeated itimes,

generating jvirtual specimens through statistical simulations.

< )

Ni:—m
(aS;)"

Step 9: After the generation of all the simulated specimens according to the input data, all real and virtual
specimens are grouped to allow the estimation of the adjusted hybrid S-V curve applying the method of least
squares and linear regression.

3 EVALUATION OF THE PROPOSED METHOD

For performance evaluation of the proposed method, two studies were carried out to determinate the fatigue
life and accumulated damage using the available fatigue test data from the literature (Figure 6) of a welded joint
presented by Zhao et al. (1998). The first study is based in Monte Carlo simulations according shown in the Figure
7 (results in Section 3.1). The second study was performed through the algorithm presented in Figure 3, only mod-
ifying Step 2, in which originally should be tested specimens in real tests, in this section these specimens were
randomly chosen in two stress levels already tested by Zhao et al. (1998) and already presented in Table 4. The
stress levels tested by Zhao et al. (1998) were 254.8 MPa (11 specimens), 215.6 MPa (10 specimens), 176.4 MPa
(10 specimens) and 137.2 MPa (10 specimens), where the stress values represent the stress range AS. The levels
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chosen for the studies were 254.8 MPa and 176.4 MPa, and randomly selected two specimens per level to run Step
2 of the proposed methodology. In addition to the four tested specimens chosen to obtain the initial curve, two
more specimens were randomly chosen at the stress level of 137.2 MPa for use in the validation process, i.e., this
stress level will be used to verify the proposed method (results in Section 3.2).

Figure 6 shows the S-/N curve and the dimensions of the specimens tested by Zhao et al. (1998). Table 4 pre-
sents the fatigue test results of a welded joint made of steel Q235. The welding procedure was a manual electric arc
with a wire diameter of 4 or 5 mm. The chemical composition of the weld metal was 0.14 C, 0.25 Mn, 0.03 Si, 0.018
P, and 0.03 S. The remainder was ferrite. The local dimensions of the welded joints were in accordance with the
Chinese code-GB. The experiments were at room temperature with four-point bending, sine-wave loading, and a
stress ratio of = 0.1. The loading frequency was approximately 80-120 Hz. The percent replication of this fatigue
test is RP=90%, with reliability data, thereby being chosen as a reference in the studies. Table 5 shows the infor-
mation regarding the material used.

Different methodologies for obtaining S-/V curves were compared: using the Brazilian standard NBR 8800
(2008), the initial S-Ncurve generated with reduced sample size and the corrected S-Ncurve obtained by proposed
hybrid methodology.

1000

log AS (MPa)

o
L 2 L3 % &
* ¢ ® . 3
N P N
L 4 L 2
100
1E+05 1E+06 1E+07

log N (Cycles to failure)

Figure 6: 5-N curve used as reference to the statistics simulations. (Zhao et al, 1998).

Table 4: Real fatigue data of a welded joint made of steel Q235 (Zhao et al, 1998).

Stress N x10°
range
(MPa) 1 2 3 4 5 6 7 8 9 10 11

254.8 3.99 5.69 3.07 45 3.06 1.68  4.67 1.91 286 293 219
215.6 9.03 3.92 3.23 3.85 3.4 2.36 5.2 443  4.02 2.72

176.4 16.14 545 11.4 7.3 1.039 9.26 9.92 777 1074 7.6

137.2 2193 2288 1530 3126 2730 2750 19.57 10.73 1527 18.09

Table 5 presents the fatigue properties of the welded joint and static strength of base material (steel Q235),
where constant C'and slope m are fatigue properties and S, and S,rare static properties of the material.

Table 5: Mechanical properties of steel Q235 (welded joint).

Property Value
Constant C 5.9152e+12
Slope m 3.05
Sy 270
Sut 500
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A statistical simulation procedure of S-V curves based on the Monte Carlo method developed by the authors
was used to verify the performance of the method proposed in Section 2.3. Figure 7 presents a basic scheme used
for data generation, which replace the actual data in the Step 2 of Figure 3 (Section 2.3) by simulated data based on
a normal distribution with mean and standard deviation from the actual tests (in this study according Zhao et al.
(1998)) to obtain the initial curve with reduced size sample. This procedure was used to allow the statistical eval-
uation of the proposed method, since with the procedure adopted by the authors, it is possible to generate several
fatigue curves, which experimentally would be impracticable due to the time and costs involved. In the studies
described in this section, 100 fatigue curves were simulated using the procedure for generation of S-Vcurves of the
Figure 7 (for both cases of Table 3), allowing a more consistent evaluation of the performance of the proposed
method.

The flowchart of Figure 7 is detailed as follows:

Step 1: Provide the additional input parameters required for the simulation of fatigue data assuming a normal
distribution. In addition to the input data already presented in Table 3, it is necessary to provide the number of
curves to be simulated, C and M which are fatigue material properties through which the average curve is deter-
mined and the standard deviation (S7D). In this work, a fixed standard deviation equal to 0.17 was considered.
According to Eriksson et al. (2003), one standard deviation to log N for the welded specimens is 0.16-0.18. Mean-
while, according to Lotsberg (2016), it is 0.20.

Step 2: Isolating /Vin Equation 1, the average life Nav for each stress level can be determined according to

Equation 6 for the material under consideration, using the fatigue properties provided in Step 1 in this section.

C

av =
aS"

N (6)

Step 3: Start the fatigue data simulation process (100 initial curves were simulated in this work) by randomly

selecting samples, based on a normal distribution with mean life equal to Nav defined by Equation 6 and standard

deviation (S7D). Equation 7 was used to generate random numbers for each stress level.

RN =STDxrandn+logN,, 7

RN is the random number selected for each stress level with the number of simulated specimens equal to the
number of test specimens ] defined in Step 1 of Section 2.3.

| Step 1: Additional input parameters |

1

Step 2: Determine the average life based on the
reference S-N curve provided in Step 1.

Step 3; Randomly select the number of specimens
for each stress level taking into account the
probability distribution

Step 4: Perform steps 3 through 9 of Figure 3

I

Step 5: Plot the experimental 5-N reference curve,

1
1
|
1
1
1
1
I
1
|
1
the initial SN curve, corrected curve with :
simulated test specimens and the curve according |
1

1

1

1

1

1

1

1

1

1

1

1

standard

1

Step 6: To compare the obtained results and
evaluate relative differences in the prediction of
life and damage

Repetitions equal to the number of 5-N curves to simulate

Figure 7: Procedure for generation of S-N curves through Monte Carlo simulations.

Step 4: This step consists of applying the flowchart defined in Figure 3 for each simulated curve.

Step 5: For each simulation (Step 3 through 6 in Figure 7) to qualitatively verify the differences between the
curves studied, the simulated initial, hybrid, standard NBR 8800 and S-Nreference curves are plotted together with
the simulated test data.
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Step 6: At the end of each loop the relative percentage difference in the life prediction and fatigue damage are
calculated in relation to the reference curve, allowing a quantitative comparison of the results. The main output
data verified in the present work were the maximum relative errors and the comparison of the accumulated damage
using the average curves (50% of reliability), applying the Miner damage rule (Equation 9) with stress spectra
according to DIN 15018 (1984), which are based on maximum stress range and are widely applied in the design of
structures, such as cranes. Equation 8 shows how the relative percentage difference (RPD) was evaluated for each
simulation.

Nref - I\Isim
RPD (%) =100| —e——sm
Nref
8)

where Nref is obtained with Equation 1 using the properties of the reference material and the value of stress range

in each stress level considered. Nsim is the life obtained with the properties of the material obtained according to
the method considered for estimating the properties. The Miner damage rule is defined by Equation 9. In the
present work the number of cycles N, was defined based on the spectrum of DIN 15018 (1984), as also used by
Pravia (2003).

n
PN
‘ 9
Table 6 shows damage (D) for the reference curve using the spectrum according to DIN 15018 (1984). The
number of cycles was set to get D equal 1 for the reference curve. The values of the stress range and number of
cycles used to calculate the damage are presented in Table 6. The damage obtained using the simulated hybrid

curves is presented in Section 3.1, after the generation of the curves according to the methodologies depicted in
Figure 3 and Figure 7.

Table 6: Stress spectrum according to DIN 15018 (1984) for reference curve.

i max | im
Neiies n; (cyeles) 20" \pa) N, =C/ac’ n/N
1.000 1 540.00 27414 0.00004
0.952 8 514.08 31851 0.00025
0.890 74 480.60 39113 0.00189
0.814 672 439.56 51352 0.01309
0.716 6123 386.64 75942 0.08063
0.579 56057 312.66 145143 0.38622
0.323 517930 166.05 1000000 0.51793
zn :580865 D =1.00

3.1 Results of Monte Carlo simulation for evaluation of the proposed method

Using Monte Carlo simulations, 100 curves were generated for the evaluation of the proposed method, as de-
scribed in Section 3 for the studied welded joint. Figure 8 shows the experimental reference curve (obtained using
actual data) and the $-Ncurve defined according to NBR 8800 overlaid with the 100 simulated initial and hybrid $-
Ncurves for the Cases 1 and 2 of Table 3, enabling a qualitative assessment of the results. It is noted that the slopes
of the curves (in log-log scale) obtained using the Hybrid Approach do not vary as much as the ones from the initial
curves, keeping the hybrid curves within a narrow band that have physical meaning for the welded joint according
to data available on the literature, getting more accuracy on the fatigue results.

The quantitative resume of results is shown in the Table 7, for Cases 1 and 2. Figures 9 and 10 have comple-
mentary results for initial curve and hybrid approach, presenting a probability density for relative percentage dif-
ference of the damage and fatigue life, respectively.
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Table 7: Results obtained for the 100 simulated curves.

Methods
Parameter Experimental (Refer- NER 8800 Hybrid Approach and Initial Curve
ence) Case 1 Case 2
. See Figure
- 0,
HAD= i3 () 0 (ref) 53 (SS) S e 10b
RPD - Damage (%) 0 (ref.) -105 (SS) See Figure 9a See Figure 9b
Damage 1.00 (ref) 2.05 (SS) - -

Note: (SS) Safe Side; (US) Unsafe Side; (RPD ) Relative Percentage Difference.

Comparing the proposed method with the S-Ncurve according to NBR 8800 (2008), for the estimated damage
(see Figure 9), the relative percentage difference RPD for both study cases is smaller when the Hybrid Approach is
considered. Note that for NBR 8800 curve the RPDis -105% (Safe Side - SS), whereas for the hybrid method for
Case 1, the RPDis -30% (SS) to 25% (Unsafe Side - US) and for Case 2 it is -66 to 62%, both considering 95% of
probability of occurrence. Too can be conclude that when is used the Hybrid Approach, for the Case 1, the proba-

bility of exceeding the RPDobtained by NBR 8800 is negligible, and for Case 2, the probability of exceeding is 0.52%,
in both cases very small.

. Initial curve Initial curve
QO  Random initial specimens e}
Experimental Curve
Hybrid Curve N
NBR 8800 curve 107 f~

Random initial specimens
Experimental Curve
Hybrid Curve

NBR 8800 curve

3
X

log AS (MPa)
=)

log AS (MPa)

3
3

o' c
10 10°

(2)

7 10! A
10 10? 10*

(b)

10%

log N (cycles until failure) log N (cycles until failure)

Figure 8: Hybrid S-N curves for the 100 simulations for (a) Case 1 and (b) Case 2.
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Figure 9: Probability density for RPD of the estimated damage for (a) Case 1 and (b) Case 2.
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Figure 10: Prbbabi/ity density for RPD of estimated the life for (a) Case 1 and (b) Case 2.

About the fatigue life (see Figure 10), the RPDof NBR 8800 curve for both study cases is within the probability
distribution for the hybrid curve. The Hybrid Approach has 17.9% (Case 1) and 12.7% (Case 2) of probability of
exceeding the RPD obtained using the NBR 8800 curve, as can be seen in the Figure 10 (hatched areas). Note that
fatigue life the RPD for NBR 8800 is 53% (SS), whereas for the hybrid method for Case 1 is -140% (US) to 90.2%
(SS) and for Case 2 itis -201% (US) to 88% (SS), both considering 95% of probability of occurrence.

It can be concluded that the advantage of the proposed method is associated with the fact that even the RPD
range to be larger for life estimations, the results for damage using Hybrid Approach present a considerable reduc-
tion of RPD. Therefore, for projects that considers finite life criteria for fatigue damage analysis, the proposed
method is indicated. It can be noticed that in both Hybrid and NBR 8800 approaches, mean curve (i.e. the curve
with reliability of 50%) is used. For design applications, an S-/Vdesign curve must be used, which corresponds to a
lower limit $-V curve, obtained by adjusting the mean curve for the probability of failure and the confidence level.
This procedure was not presented in this article, being the next step in the improvement of the methodology.

3.2 Results of the proposed method using actual data

In this section, the algorithm presented in Figure 3 was used, only modifying Step 2. In this step, originally,
actual specimens should be tested, however, in this section experimental data obtained by Zhao et al. (1998) were
employed for validation of the proposed hybrid methodology. A reduced number of experimental data (two speci-
mens) were randomly selected among the results presented by Zhao at each stress level (already listed in Table 4).
These initial random specimens are presented in Table 8 for each stress level considered, allowing to compare the
hybrid approach with the experimental curve S-Vobtained with high replication.

Table 8: Initial experimental data randomly selected from Table 4.

Stress range (MPa) 1 2
254.8 467000 569000
176.4 730000 1610000
137.2 1810000 2730000

The validation criterion is to evaluate whether the verification data are within the 3o interval of the mean
hybrid curve, where o is the standard deviation equal to 0.17 according Eriksson, Lignell, Olsson, & Spennare
(2003).

It can be seen in Figure 11 that the verification experimental data are within the range of 20, approving the
proposed method according to the established criterion, which has already been used by Marin and Nicoletto
(2009). Note that all experimental data (six specimens tested) are within the 220 curves shifted of the hybrid.
Therefore, based on the results of Figure 11, itis concluded that the hybrid approach presents a good approximation,
especially considering the time required to obtain a fully experimental $-/ curve.
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Figure 11: Comparative chart for verification of the proposed method using data of Zhao et al. (1998).

4 APPLICATION - FATIGUE LIFESPAN OF A FILLET WELDED JOINT BASED ON FEM MODEL

In this section, an application of the proposed method is described for the fatigue analysis of a fillet welded
joint tested by the authors is described. The application is depicted in the flowchart of Figure 12, where a finite
element model was employed to obtain the stresses of the tested joint for posteriori evaluation of its fatigue lifespan.
The software used for preprocessing and solver steps was Ansys 19. For post-processing step, the same methodol-
ogy presented in Step 6 of the Section 3 was used, implemented in MatLab software.

The geometry of the tested joint and its dimensions are shown in Figure 13(a). The welded joint is made of
Steel LNE-380 with 5,=408 MPa and $,~=500 MPa obtained from single-tensile test. The fatigue properties were
determined using the Hybrid Approach, with values of input parameters according Tables 9 and 10. The experi-
ments were carried out at room temperature with three-point bending, sine-wave loading, stress ratio of R=-1. The
loading frequency was 1-4 Hz and 2 specimens were tested at each level for two stress levels. Figure 13(b) show
the fatigue test setup using a servo-hydraulic testing machine from the manufacturer Shimadzu with a load capacity
of 100 kN.

The numerical model was developed with software Ansys 19, using modeling techniques already used by Sil-
veira, Mezzomo, Goedel (2017), where several techniques of representation of the weld were analyzed. In this work,
the chosen technique to model the weld was the increased thickness suggest by Niemi (1995), which consists in
increasing the element thickness in the region of the weld. Eriksson, Lignell, Olsson, & Spennare (2003) suggests
the scheme illustrated in Figure 14. The load spectra are equal to the one in Section 3 (Step 6) according to DIN
15018 (1984) and shown in Table 6. For obtaining the NBR 8800 curve, the same class for the joint detail was
employed, according to Figure 2(a).

The geometry modeled using the technique exhibited in Figure 14 and the employed mapped finite element
mesh for the tested welded joint are shown in Figure 15. The mesh was built using 8-node shell elements with
maximum element size of 12.5mm. The choice of 8-node shell elements was made according to Niemi (1995), in
general, these shell element provides best results for this type of detail joint. The size of elements was defined for
convergence reasons. The distance between supports is 285mm. The boundary conditions are also depicted in the
Figure 15a, where d'stands for translation and rrepresents rotation.
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Figure 12: Flowchart for the fatigue analysis of the tested welded joint.

The specimens were machined and prepared using a robotic welding procedure, welding wire ER70S-6 with
gas protective welding containing two-component mixture comprising 82% argon and 18% carbon dioxide. The
chemical composition of the welding wire ER70S-6 is 0.09%C, 1.63%Mn, 0.007%S, 0.9%Si, 0.007%P, 0.20%Cu,
0.05%Cr, 0.05%Ni, 0.05%Mo and 0.05%V, which is adequate for base material. Welding parameters are a pulsed
current of 3004, a voltage of 29V and a speed of 40 cm/min and gas input of 15 1/min.
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Fjgure 13: (a) Geometry and dimensions of the tested fillet welded joint and (b) fatigue test setup.
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Figure 14: Modeling of the fillet weld with shell elements using increased thickness at the weld region (Eriksson,
Lignel], Olsson, & Spennare, 2003).
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Figure 15: (a) Geometry and boundary conditions and (b) finite element mesh of the tested welded joint.

4.1 Results of the estimation of the fatigue lifespan for the tested joint

Initially, the results of the fatigue properties of the tested welded joint obtained using the proposed Hybrid
Approach are presented. Two specimens were tested in two stress levels (4 specimens) in order to generate the
initial S-V curve according to Step 2 (Figure 3), which are listed in Table 9. The stress range values at the stress
levels used to generate the initial data were 700 and 450 MPa. Others two specimens were tested at 380 MPa for
use in the validation process.

Table 9: Initial experimental data of the tested welded joint.

Stress range (MPa) 1 2
700 8089 8580
450 154006 106296
380 287612 361919

Table 10 shows the input data used to generate a Hybrid S-V curve based on the flowchart of Figure 3.

Using the flowchart of Figure 3 and data of Tables 9 and 10, it was possible to obtain the fatigue properties of
the joint material using the proposed methodology with a reduced number of tests added to improve the quality of
simulated specimens. The fatigue properties obtained with Hybrid Approach were (= 2. 04133E+16 and m=4.3
for 50% of reliability. Figure 15 exhibits plots of the experimental data, the S-Ncurve according to NBR 8800 (2008)
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and the hybrid curve (including the mean curve and the curves corresponding to *lo, ¥20 and £30°). Two speci-
mens at the lower stress level were tested for verification of the Hybrid Approach (identified in Figure 16).

Table 10: Values of input parameters for hybrid S-N curve estimation.

ID Input parameter Value
1 Number of actual specimens to be tested 4
2 Stress values at each levels to be tested 0.865,¢e 0.555,
3 Stress ratio (R) -1
. . . . . S, =408 MPa Sy
4 Static properties of material Syand Su: (single-tensile test) —500 MPa
5 Number of virtual specimens to be simulated (/) 25
6 Probability distribution of for the exponent m See Figure 4

™
o
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g
200
1000 10000 100000 1000000
N (Cycles to failure)
® Experimental Data ~———Hybrid Curve NBR 8800 Curve ----+lo
—-— +20 —=—=t+t3d 0 = 1o e =20
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Figure 16: Comparative chart for verification of the proposed method.

It can be seen from Figure 16 that the verification experimental data are within the range of 2, approving the
proposed method according to the established criterion, as previously discussed. Note that all experimental data
based (six specimens tested) shown in Table 9 are within the 130 curves shifted of the hybrid. Therefore, based
on the results of Figure 16, it is concluded that the hybrid approach presents a good approximation.

The FEM results are shown in Figure 17. In Figure 17(a), a contour plot of the normal stress in the xdirection
is shown. The highlighted path was used to plot the stresses, starting at the weld toe and extending perpendicularly
to the weld (because the maximum principal stress occurs in this direction). Figure 17(b) shows the extrapolation
method used according Eriksson, Lignell, Olsson, & Spennare (2003) to obtain the nominal stress at the weld toe.
The maximum nominal stress of the fatigue load cycle is 350 MPa, for the upper stress level.
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Figure 17: FEM results for the nominal stress at weld toe.

The next step is to perform the fatigue analysis to obtain the damage and fatigue life using the S-NVcurve based
on Hybrid Approach and NBR 8800 (2008). The results for the tested joint are presented in Table 11.

Table 11: Results for the tested joint.

Hybrid Approach v D—(V -V \/V x100
RPD = — X
) NBR 8800 ( ?) Vo=V)/V,
= 0,
S0l s 1261 MPa 1301 MPa S
103 cycles
0,
Strength for 256 MPa 130 MPa 49.2%
106 cycles
Damage 2.48 10.83 -336.7%

According Table 11, the Hybrid Approach lead to accuracy results like seen previously in the Section 3.1 and
3.2. Evaluating the strength for 103 cycles, it is verified that the two approaches are very close. For 10° cycles, the
relative difference between the approaches is bigger. The strength by NBR 8800 is fifty percent less than the
strength by the Hybrid Approach for 10¢ cycles.

Evaluating the damage, the relative percentage difference is even greater, being that the damage according
NBR 8800 is 336.7% bigger than the Hybrid Approach, and can be seen that the Hybrid Approach allow more accu-
racy results and less conservative than NBR 8800. According mentioned by Eriksson, Lignell, Olsson, & Spennare
(2003), the design codes and reality are not the same thing, once the design codes are often very general, allowing
a little room for innovative approaches, and for structural applications they give are normally “on safe side”.

5 SUMMARY AND CONCLUSIONS

This work introduced a hybrid approach to obtain the S-V curve, which combines statistical simulated data to
a fatigue actual fatigue test data obtained with a reduced number of specimens. Initially using an own methodology
based on the Monte Carlo Method that enables to generate several S-Ncurves based on the fatigue properties of the
reference material (mean curve with 50% reliability) and standard deviation, it was possible to evaluate the per-
formance of the proposed method for obtaining $-V curves with good accuracy and lower costs. Subsequently the
hybrid approach was applied in a real case (a fillet welded joint) in order to obtain the S-/N curve using only four
specimens as initial experimental data and therefore assess its fatigue lifespan and cumulative fatigue damage. FEM
was employed to obtain the stresses ate the weld toe, and Miner's rule and load spectra from DIN 15018 (1984)
were used for the damage estimation. The results obtained for the real case show that the proposed approach im-
proved the accuracy comparing with the S-/Vcurve obtained by standard NBR 8800 (2008) for the same detail class,
both for fatigue life and for damage calculation. Some additional comments can be made about the hybrid approach:
1. The proposed methodology present a balanced cost-benefit;
2. The proposed methodology provides quantification of cumulative fatigue damage with greater accuracy.
3. Whenever possible, when working with finite fatigue life, it is a good practice to perform the tests for higher numbers of life cycles, since

the in actual work conditions of several equipment, the number of cycles that occurs in this region is bigger and it is possible to
reduce the associated errors in the fatigue life and damage. However, even when testing specimens with low/medium number of
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life cycles, the proposed methodology proved to be satisfactory, achieving better results than the other methods used for
comparison;

4. In the present work, the mean S-N curves were used in the analyses, i.e. the curve with reliability of 50%. For design applications, an
appropriate coefficient must be used to adjust a proposed curve for the desired failure probability and confidence level. This
procedure was not presented in this article, being the next step in the improvement of the methodology;

5. The accuracy of the hybrid approach is linked to the distribution probabilities of the slope m, which must be obtained taking into account
the weld detail and loading types. Several data are available in the literature, being necessary a search to compile this data and
subsequently perform a statistical analysis;

6. The present methodology will be validated for other types of welded joints, making it possible to generalize its application.
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