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ABSTRACT

Multiaxial stresses are usually present in engineering structures and are often associated to
multiaxial fatigue failures. However, multiaxial fatigue is an open topic, full of questions and
different points of view. Therefore, an experimental campaign of uniaxial and multiaxial fatigue
tests under proportional loading was conducted aiming at evaluating the multiaxial fatigue
behaviour of S355 structural steel in the high-cycle fatigue regime. Five different multiaxial
models were used and evaluated, namely the Sines, Findley, McDiarmid, Dang Van and Susmel-
MWCM. Each of them was applied to experimental data and the mean fatigue curves obtained
from it were evaluated and compared. The coefficients present in each model definition were
studied and determined through different methods. The Dang Van’s multiscale approach and
Susmel model showed great accuracy in the description of the fatigue behaviour of the S355

steel, providing the best correlation of the uniaxial and multiaxial experimental data.

KEYWORDS: Multiaxial Fatigue; High-Cycle Regime; Proportional Loading; Damage

Parameters; Structural Steels.
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NOMENCLATURE

Tqoct - OCtahedral shear stress

s- Sines’ model damage parameter

ks — Sines’ constant

Onmean - hydrostatic mean stress

01, mean» O2,mean» 93,mean — Principal hydrostatic mean
stresses

014> 024 » 034 — principal stress amplitudes

Oqr=—1 - uniaxial tensile/bending fatigue stress limit
amplitude for R=-1

Oqr=0 - uniaxial tensile/bending fatigue stress limit
amplitude for R=0

Ty, — maximum shear stress amplitude on a 6 plane

09 max — Maximum normal stress on a 6 plane
ks — Findley’s constant
f- Findley’s model damage parameter

Tqr=—1 — Uniaxial torsional fatigue stress limit
amplitude for R=-1

Ogr=05 - uniaxial tensile/bending fatigue stress limit
amplitude for R=-0.5

0, — ultimate tensile strength

tap — McDiarmid’s material constant for case A or
case B

Tmeso,max,a(t) — maximum mesoscopic deviatoric
shear stress tensor

k4 — Dang Van’s constant
Tmeso,n (t) - mesoscopic hydrostatic stress tensor
d — Dang Van’s damage parameter

Omeso1,d(t)) Tmeso3,q(t) — maximum and minimum
principal mesoscopic deviatoric tensors
Tamax —Maximum shear stress amplitude

Onmax — Maximum hydrostatic stress
T, - shear stress amplitude
Ny — number of cycles until failure

On,m - Normal mean stress to the critical plane

Ta, Onm and o, 4 - shear stress amplitude, the normal
mean stress and the normal stress amplitude to the
critical plane for an endurance limit with a stress ratio
larges than -1

Pesy - effective value of the critical plane stress ratio
Taref - fatigue endurance limit

k.- negative inverse slope

Np . - estimated number of cycles to failure

a, b, @ and B — Susmel’s material constants

Op,q- normal stress amplitude to the critical plane
Pum — limit value imposed to pgsf

ko - negative inverse slope for p.¢r = 0

k - negative inverse slope for p.rr = 1
Tq,0 - fatigue endurance limit for prr = 0
Oa,1

B fatigue endurance limit for prr = —1

m — mean stress sensitivity index
E - young modulus

fy — yield strength

fu — tensile strength

0,- normal stress amplitude

R- stress ratio
R? - coefficient of determination
Band 74 — constants from Basquin’s law

09, Oy, Txy and Ty - shear and normal stress components

U - mean

o - standard deviation

e -mean of module of error index
f - probability density function

n - number of specimens
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1. INTRODUCTION

Fatigue is a critical degradation process affecting engineering structures and it is believed to
be responsible for half of the failures [1]. The American Society for Testing and Materials
(ASTM) defines fatigue as “The process of progressive localized permanent structural change
occurring in a material subjected to conditions that produce fluctuating stresses and strain at
some point or points and that may culminate in cracks or complete fracture after a sufficient
number of fluctuations™ [2]. It was first identified at the end of the nineteenth century and
started to gain attention with studies conducted by Wohler, Basquin and others. Since these
pioneer observations, different approaches and models have been proposed [3].

Throughout fatigue history, it is observed a major development of uniaxial fatigue models,
but a cyclic loading is even more critical when causes a complex multiaxial stress state [4].
Besides, multiaxiality is frequently observed in many engineering applications, such as wind
turbines, offshore structures and bridges, due not only to complex loadings but also to notches
and geometries that originate a multiaxial stress state in the presence of a uniaxial loading [1].
A multiaxial fatigue loading can be described as proportional or non-proportional. During a
proportional loading, the principal stress directions do not change as consequence of in-phase
loads, while a non-proportional loading originates principal stress directions which change
over time, because of the out-of-phase loads. This loading characteristic results in different
fatigue behaviours, and, consequently, requests specific approaches and models [1], [5].

One of the first multiaxial fatigue models was elaborated by Gough and Pollard in the 1930s
and defines different failure conditions for brittle and ductile materials [6]. Along with this
model, they performed a large number of biaxial fatigue tests with bending and torsional loads,
which supported and inspired the formulation of others such as Findley’s [7] and Sines’

models [8], [9] in the 1950s. These models introduced new approaches based on the influence
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of different variables and concepts, such as mean stresses, stress amplitudes and critical
planes, which subsequently also conduct to other models such as the one presented by Matake
[10], [11]. However, these approaches were based on stresses and did not include strain values,
since they were mainly focused on the region of a large number of cycles until failure [12].
The classical models developed for monotonic loadings, such as von Mises, Maximum
Principal stress or Tresca were also adapted and used to assess a multiaxial fatigue stress states
[5].

In 1973, Brown and Miller proposed a model that included the effect of shear and normal
strains and a critical plane where shear is maximum [13], [14]. Moreover, damage models
based on energy and strains appeared and became widely used, such as the Smith Watson and
Topper’s (SWT) [15] or the Fatemi-Socie’s models [16].

The assessment of non-proportional loadings has always been a concern of fatigue research
and, consequently, some models, such as McDiarmid and Lee, were formulated in order to
include the effect of this kind of loads [17], [18].

Lately, new modern models have arisen such as Dang Van’s multi-scale approach, which
proposes a model based on the interaction between macroscopic and mesoscopic scales [19].
This model is mainly used to evaluate multiaxial fatigue stress states in rolling contact stresses
and, during the last years, it has been applied to assess fatigue damage in offshore and other
engineering structures [20]—[23].

Furthermore, Papadopoulos and Carpinteri-Spagnoli developed modern models with more
complex approaches for hard metals. Papadopoulos’ model was developed for non-
proportional bending and torsion and includes details about material’s crystalline structure.
Since its formulation is defined by integrals, this model implies long computational times. On

the other hand, the Carpinteri-Spagnoli’s model defines a critical plane based on the material
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fatigue properties and the average of principal stress directions calculated through weight
functions [1], [24]-[26].

In the last decades, numerous experimental works and publications have been proposed and
developed about multiaxial fatigue in steel, such as the models developed by Susmel [27] and
Liu-Mahadevan [1], [12], [28].

Summarizing, multiaxial models can be generally divided into three major groups: stress,
strain and energy-based models. The last ones mentioned are also called strain-energy models
and, sometimes, are included in the strain-based approaches [5]. The strain-based models are
usually applied to Low-Cycle Fatigue (LCF) regime, while stress approaches are adopted to
High-Cycle Fatigue (HCF) regime [5], [29], [30]. The low-cycle fatigue regime is
characterized by high loads and a short fatigue life, which is usually less than 10%cycles. In
this regime, material suffers a plastic deformation since the first cycle. On the other hand,
during high-cycle regime, an elastic deformation state is observed as well as longer life,
usually between 10* and 107 cycles. In the last years, other fatigue regimes have been a matter
of study, such as very-high cycle fatigue or ultra-low cycle fatigue [5].

Hence, this work aims at evaluating and comparing the ability of different multiaxial fatigue
models to assess and portray the fatigue behaviour of S355 steel in the high-cycle fatigue
regime. Firstly, some stress-based models were selected. Afterwards, an experimental
campaign was defined and carried out. The experimental data is then used to assess the quality
of the selected multiaxial fatigue models. Finally, the most suitable multiaxial fatigue models
to evaluate the fatigue damage observed in S355 steel are selected. Since the focus of this
paper is the proportional loading of constant amplitude, material mechanisms associated with
more complex loadings, such as non-proportional or variable amplitude, will not be mentioned

or studied.
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2. OVERVIEW OF MULTIAXIAL FATIGUE MODELS

Since this work aims at evaluating the fatigue behaviour of the S355 structural steel in the
high- cycle fatigue regime, experimental results were analysed and assessed through the
application of stress-based models. These models can be sorted by empirical, equivalent stress
and critical plane models [5]. The empirical models were the first ones to be developed and
are related to experimental fatigue data. The equivalent stress models are based on static yield
criteria and turn a multiaxial fatigue stress state into an equivalent uniaxial stress state [4].
Finally, the critical plane models rely on the definition of a critical plane, where the probability
of crack initiation is higher [31].

Thus, five multiaxial fatigue models — Sines, Findley, McDiarmid, Dang Van, and Susmel —
were considered and applied to the experimental data obtained within the scope of this work.

In the following subsections, these models are presented and discussed.

2.1. Stress-Based Multiaxial Fatigue Models

2.1.1. Sines criterion

Sines [8], [9] proposed an equivalent stress model sensitive to mean stress effect. However, it
cannot be applied to non-proportional loading. Hence, this model states that failure occurs
when Eq. (1) is verified:

Ta,oct T ks(3 Uh,mean) =S, (D
where, s is a material constant proportional to the fatigue limit, kg is also a material constant,

Oh mean 15 the hydrostatic mean stress determined by Eq. (2):
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_ 01 meant02meant03 mean o)
Gh,mean - 3 ’ ( )

and T, o 1S the octahedral shear stress defined as:

1
-1 _ 2 _ 2 _ 2
Ta,oct = 3\/(01,a Gz,a) + (Gz,a 03,a) + (O-l,a 03,(1) > 3)
where, 0, 5, 0,4 and 03 4 are the principal stress amplitudes.

The material constant kg can be estimated through Eq. (4):

V2 0aq,R=—1"0a,R=0
ke = 2 (CaR=1%arso )

3 TaR=0 “)
where, 0, p=_, is the uniaxial tensile fatigue stress limit amplitude for R=-1, and 0, g=¢ 18 the

uniaxial tensile fatigue stress limit amplitude for R=0. However, this constant will be

discussed in Section 5.

2.1.2. Findley criterion

Findley [7] proposed the first critical plane approach. This criterion assumes shear stress as
the primary mechanism of fatigue damage and responsible for nucleation and initiation, while
the normal stress is the secondary mechanism since only affects the capability of a material to
withstand cyclic loading. This model considers the effect of mean stress.
The critical plane is defined as the plane where a certain damage parameter achieves the
maximum value. The damage parameter is defined by the left side of Eq. (5) and the failure
occurs when this equation is verified:

(Tea + kfae,max)max = fv 5)
where, Tg, is the maximum shear stress amplitude on a 6 plane, gy 4, 15 the maximum
normal stress on a @ plane and k¢ is a material constant that manages the influence of normal

stress on fatigue life.

The value of kf can be estimated by Egs. (6) to (8) [32]:
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Tar=-1 4L 6)

ket [1+k2
oo LN )
TaR=-1 2kt [1+(2kf)? ’

, 2
O-a’R=0.5 _ kf+ 1+kf (8)

TaR=-1  4k+ [1+(4kf)?

where, T, p=_1 1s the shear stress fatigue limit amplitude for R=-1, and 0, g=¢ 5 1s the normal
stress fatigue limit for R=-0.5. As happens with Sines model constant, k; determination and

value are controversial and will be discussed in the following sections.

2.1.3. McDiarmid criterion

McDiarmid [17], [33] presented a critical plane approach that can be applied to non-
proportional loading and includes the mean stress effect. According to this model, the critical
plane is the one where shear stress amplitude achieves the maximum value. This model
distinguishes two different cases: a case A characterized by crack growth along the surface
and a case B where the crack grows inwards from the surface.

Hence, fatigue failure criterion is achieved when (Eq. (9)):

Tg, gy,
a + max — 1’
taB 20y 9)

where, 0,, is the ultimate tensile strength, and ¢, p is a material constant which value is t4 or
tp for case A or case B that are the values of the reversed shear stresses for each of the different

cases of crack growth.
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2.1.4. Dang Van’s multi-scale approach

Dang Van [19] developed a model based on macroscopic and mesoscopic scale concepts,
assuming that before crack initiation, an elastic shakedown occurs. This material phenomenon
is related to high-cycle fatigue since it is a stabilized elastic response, which only happens
when yield strength is not achieved.

Besides, accordingly to this model cracks initiate in transgranular slip bands due to local shear
stress and are influenced by hydrostatic pressure.

Hence, failure occurs when the following condition is verified (Eq. (10)):

max (Tmesomaxa(t) + KaGmeson(t)) = d, (10)
where, Gpeso 1 (t) is the mesoscopic hydrostatic stress tensor, k4 and d are material constants,
and Trye50 max,q (t) 1s given by (Eq. (11)):

— _ Emeso,l,d (t) — 5meso,3,d(t)
Tmeso,max,d(t) - 2 ’ (11)

where, Opeso1,a(t) and Gpeso,3,4(t) are the maximum and minimum principal mesoscopic
deviatoric tensors.
Some years later, Dang Van and Maitournam [21] proposed a simplified version of this model
for engineering approaches, which is given by Eq. (12):

Tamax T kdah,max =d, (12)
where, T mqy 1 the maximum shear stress amplitude, and 0y, 14, 1 the maximum hydrostatic
stress. The value of 7, 1,4, 1S not affected by mean stress, while 0y, 1,4, includes the effect of

it. The material constant k4, which will be discussed throughout this work, is usually estimated

10



226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

through Eq. (13) or is considered equal to the slope of a linear regression applied to axial

fatigue limits for R=0 or R=-1 plotted in a graph T, ;4 VErsus oy max-

. <Ta,R=—1 1)
ky = —-=,
Ogr=—1 2 (13)

2.1.5. Modified Wohler Curve Method

Since 2002, Susmel has been developing and proposing a critical plane approach which
consists on a Modified Wohler Curve Method (MWCM) [34], [35]. This model is based on
the assumption that, under constant loading, the fatigue damage and the probability of crack
initiation achieve their maximum value on the material plane that experiences the maximum
shear stress amplitude, which is called "the critical plane"[34]-[40].

Therefore, the damage evaluation of this model can be summarized by a modified Wohler
diagram, which plots the shear stress amplitude on the critical plane (7,) versus the number
of cycles until failure (N¢)(Fig.1). The design curves of this diagram are characterised by two
variables: the negative inverse slope (k;(pess)), and the fatigue endurance limit (T4 ¢ (Pefs))
at a certain defined number of cycles to failure (Ny.r). Both variables mentioned above are
characterised by a third variable: the effective value of the critical plane stress ratio (pers),

which is given by Eq. (14):

m:opm+ Ong

Pess = - , (14)

where 7, is the shear stress amplitude, oy, is the normal mean stress, o, , is the normal
stress amplitude, to the critical plane, and m is the mean stress sensitivity index and a material
property, which varies between 0 and 1 [39]. The index m can be determined through Eq.
(15):

Tq Tar=—1"Ta On,a

m=— (2 - ) (15)
Onm 2Ta,R:—l — Og,Rr=-1 Ta

where 74, 0y, and oy, 4 are the shear stress amplitude, the normal mean stress and the normal

stress amplitude to the critical plane for an endurance limit with a stress ratio larges than -1,
while 74 p=_; and o, g=_; are the fully reversed fatigue limits for a uniaxial and a torsional

loading case [40]. Thus, in order to determine this material property, three different endurance

11
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limits are required and when they are not known, it is assumed that the material under study
is fully sensitive to normal mean stress and m is assumed to be equal to 1 [40].

k.4
kg

Log (1)

Taref = Tan

Taref

Taoref — Ua {2

Tarafl|-

! —

Nyef Log (N ) 1 Plim p:ﬁ
Figure 1. Modified Wohler diagram, ks porr and Ty pefVS pegr curves [36]
As can be seen in Fig. 1, there is a singular design curve for each loading scenario associated
with the corresponding p.rs value which, as mention above, originates also different pairs of
Taref (Perf) and ko (pef ) values, that define each curve. These curves are defined by Eq. (16),
which gives the estimated number of cycles to failure (N¢ .):

Ta,ref (peff)
Ta

)

~|k‘r(peff)

Nie = Nygs
he efl (16)

As can be seen in equation above as well as in Eq. (14), the ratio p. s has a significant role in
fatigue life estimation and portrays the non-zero mean stresses, the degree of multiaxiality and
the non-proportionality of the loading history. Furthermore, it is important to mention that
Persis always equal to unity under fully-reversed uniaxial fatigue loading and equal to zero
under fully-reversed torsional fatigue loading, which is helpful to calibrate the model [36].

Finally, the k;(pess) and 74 rer(pess) can be determined through Egs. (17) and (18):

ke(Pesr) = @ pesr + B, (17)

Taref(Perr) = " pess + b, (18)

where a, b, « and [ are material fatigue constants. By calibrating the above equations through

the fully reversed uniaxial (pqrr =1; kT(peff = 1) = k; Ta,ref(Peff = 1) = %) and

12
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torsional (perr = 0; kr(peff = O) = ky; Ta,ref(Peff = 0) = T4,0) fatigue curves, Egs. (17)

and (18) can be rewritten as:

ke(perr) = (k — ko)pess + ko, for pers < puim (19)
ke(perr) = (k — ko)puim + ko, for pegs > prim (20)
Oa,1
Ta,ref(peff) = (T_ Ta,O) Peff T Tao = const. for Peff < Pum (21)
Oa,1
Ta,ref(peff) = (T - Ta,O) Plim + Tqo = const. for Peff = Piim (22)

where pj, 1s a limit value imposed to p.s, since this model becomes too conservative for

high values of p,rr.and can be calculated through Eq. (23) [35]:

Ta

- 2Tq,0—0q (23)

Piim

3. Experimental Programme

An experimental campaign was defined and carried out with the objective of obtaining mean
fatigue curves and analysing each multiaxial fatigue model. Therefore, uniaxial and biaxial
fatigue tests were performed using smooth hourglass specimens made of S355 structural steel,
with a minimum cross section of 44.18 mm? (Fig. 2 (a)). The mechanical properties and
chemical composition of the tested S355 steel are listed in Tables 1 and 2, respectively. The
hardness was measured and determined through a sample which was cut from a specimen,
while the other mechanical properties were collected from [41], [42]. The microstructure was

also analysed, and a ferrite-pearlite microstructure is observed, as portrayed in Figure 2 (b).

Table 1. Mechanical Properties of S355 steel [42][41]

Young Modulus (E) Yield Strength (f ) Tensile Strength (f,) Hardness
GPa MPa MPa HVIO
211.60 367 579 151.28

Table 2. Chemical composition of S355 steel [42]

C Cu Mn N P S Si
% % % % % % %
0.16 0.2 1.28 0.009 0.03 0.02 0.3

13
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(a)
Figure 2. (a) Hourglass specimen (in mm) [42]; (b) Microstructure of S355 steel (Magn. 400x) [42].

Hence, nineteen uniaxial and eighteen biaxial fatigue tests were conducted for different stress
ratios: R=0.01 and R=-1. During axial tests, a cyclic axial force was applied to the specimen,
while in the biaxial tests both cyclic torsional torque and a cyclic axial force were applied in-
phase. In sixteen biaxial tests, the shear stress caused by the torque was half of the normal
stress originated by the force, while in the rest of the tests they were equal, in order to evaluate
the effect of shear stress in fatigue life. The loads were applied according a frequency of 70
Hz following sinusoidal functions of constant amplitude over time.

Both types of test were carried out in force control, using a MTS 810 testing system, which
can apply a maximum axial force of /00kN, for axial tests, and a MTS 809 Axial/torsional test
system, which is characterized by a maximum axial capacity of 50 kN and a maximum

torsional capacity of 0.5 kN.m, for biaxial tests (refer to Figs. 3 (a) and (b)).

14
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Figure 3. Testing system machines: (a) MTS 810 testing system [42]; (b) MTS 809 Axial/torsional
test system [42].

For each test, the number of cycles until failure and the level of loading applied were recorded.
For each loading level, only two experimental tests were carried out due to the limited material
available. It was assumed run-out and the test interrupted when 5000000 cycles were achieved

without the specimen failure [42].

4. EXPERIMENTAL RESULTS

The results obtained for each fatigue test are listed in Table 3, which includes the loading
mode, the stress R-ratio, normal and shear stress amplitudes and the number of cycles until
specimen failure. These results show the effect of stress ratio or in other words the effect of a
mean stress, in fatigue life as well as how much a biaxial stress state can be more severe than
a simple uniaxial one. Furthermore, in the last biaxial tests, where the shear stress was

increased, it is visible the impact of this kind of stress on fatigue life.

15
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Besides, the specimens’ fracture surfaces were observed and analysed with an optical
microscope aiming at identifying some differences between loading conditions. Thus, Figs. 4
to 8 depict the fracture behaviour and respective surfaces for each kind of loading. The crack
initiation origin is marked with an ‘O’ when is easily identified and is constrained to a single
region, which is the case of specimens tested under axial loading (Figs. 4 and 5) and
proportional loading with stress ratio close to 0 (Fig. 5). On the other hand, as can be seen in
Figs. 7 and 8, specimens under fully reversed proportional loading, there are multiple crack
initiation origins, probably due to the shear stress effect.

In Fig. 4 (a), the fatigue and overload zones are easily distinguished, since it is noticeable the
increase of roughness between them. Furthermore, a ratchet is marked with the letter ‘R’,
while in Fig. 5 (a) river marks are observed, which dictates the direction of crack propagation
and are identified with a letter ‘M’.

Another relevant aspect is the difference observed between the fracture surface of Figs. 7 (a)
and 8(b), which highlights the impact of the shear stress caused by the torsional loading.
Moreover, the influence of stress R-ratio is observed in the fractures: only the specimens
which were tested under R=0.01 show an elongation and in the others, the fracture remains

closed after test (Figs. 4(b), 5(b), 6(b), 7(b) and 8 (b)).

1280x960 2010105128 15:40:29 Unit: mm Magnificatior

()
Figure 4. Specimen tested under o, = 207 MPa (with R = 0.01): (a) fracture surface; (b) fracture [42].
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335 Table 3. Results of uniaxial and biaxial fatigue tests [42].

Loading Stress Normall stress Si hear.stress 0./t Number of cycles to
Condition R-Ratio amplitude, amplitude, "[_] a Failure,
o, [MPa] T,[MPa] Ny
Axial 0.01 168 - o 5000000 ()
Axial 0.01 182 - o0 5000000 ()
Axial 0.01 188 - o 5000000 (o)
Axial 0.01 190 - o 5000000 (o)
Axial 0.01 193 - o 5000000 (o)
Axial 0.01 196 - © 324373
Axial 0.01 196 - o 281589
Axial 0.01 202 - © 621182
Axial 0.01 202 - o 131064
Axial 0.01 207 - o 247161
Axial 0.01 207 - o 315639
Axial 0.01 216 - o 122047
Axial 0.01 216 - o 76082
Axial -1 232 - o 5000000 ()
Axial -1 232 - o 2147377
Axial -1 249 - o 561786
Axial -1 249 - o 406826
Axial -1 272 - o 157983
Axial -1 272 - o 98626
Axial+Torsional 0.01 151 75 2 5000000 (o)
Axial+Torsional 0.01 160 79 2 5000000 (o)
Axial+Torsional 0.01 165 82 2 5000000 (o)
Axial+Torsional 0.01 168 84 2 332151
Axial+Torsional 0.01 168 84 2 256955
Axial+Torsional 0.01 174 87 2 313815
Axial+Torsional 0.01 174 87 2 656534
Axial+Torsional 0.01 174 87 2 181536
Axial+Torsional -1 164 82 2 5000000 (o)
Axial+Torsional -1 181 90 2 5000000 (o)
Axial+Torsional -1 194 99 2 2546156
Axial+Torsional -1 194 99 2 2040566
Axial+Torsional -1 204 104 2 133962
Axial+Torsional -1 204 104 2 835602
Axial+Torsional -1 204 104 2 390101
Axial+Torsional -1 204 104 2 383422
Axial+Torsional -1 164 164 1 88165
Axial+Torsional -1 164 164 1 44152
336
337
338
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52 1280x960 2019/05/28 15140

(b)
339 Figure 5. Specimen tested under o, = 272 MPa (with R = —1): (a) fracture surface; (b) fracture [42].
340

1280x060 2019/05/28 16:09:46 Unit:mm Magnification: 38.5

(a) (b)
341 Figure 6. Specimen tested under o, = 168 MPa and t, = 84 MPa (with R = 0.01): (a) fracture surface; (b)
342

(a) (b)
343 Figure 7. Specimen tested under o, = 204MPa and t, = 104 MPa (with R = —1): (a) fracture surface; (b)
344 fracture [42].
345
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346
347
348

349
350
351
352

353

354

355

356

357

358

(a) (b)
Figure 8. Specimen tested under o, = 164MPa and T, = 164MPa (with R = —1): (a) fracture surface; (b)
fracture [42].

5. APPLICATION AND DISCUSSION
5.1. Uniaxial fatigue data

The uniaxial fatigue data obtained through the experimental campaign was plotted in a
logarithmic scale and a power regression was applied according to Basquin law, in order to
obtain the S-N curves. The mean fatigue curves obtained can be seen in Fig. 9 and these curves
are defined by Eqgs. (24) and (25), for R=0.01 (Eq. 18) and R=-1 (Eq. 19), respectively:

{aa = 274.49 N7 0%
R?=0507 (24)

{aa = 456.46 N %0
R?=0929 (25)

where R? is the coefficient of determination.
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Figure 9. Mean S-N curves for axial loading under R=0.01 and R=-1 [42]

5.2. Biaxial fatigue data

The biaxial fatigue data is characterized by normal and shear stresses and, as a consequence,
cannot be represented through a simple Basquin law. Thus, the multiaxial fatigue damage
parameters described in the preview section aim to summarize the contribute of normal and
shear stress in a single variable and then plot it as function of the number of cycles, in order
to obtain suitable fatigue curves for S355 steel. Usually, a suitable multiaxial fatigue damage
criterion collapses all experimental data around a design curve with a small scatter.

Hence, several multiaxial fatigue models, Sines, Findley, McDiarmid, Dang-Van and Susmel-
MWCM, are considered and applied. For each model, multiaxial parameters were estimated,
power regressions were performed as well as their coefficients of determination (R?) were
calculated, except for the Susmel Model which follows a different methodology from the other

fatigue models.
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391

After the determination of multiaxial fatigue design curves for each model, they were
compared and evaluated, in order to select the models more and less suitable to describe
fatigue life of S355 steel in the region under study.

5.2.1. Sines

In order to estimate the fatigue life of a certain loading condition, Sines model was combined

with Basquin law into the following equation (Eq. (26)):

Taoct + Ks(3 Onmean) = 74 (2Np)5, (26)
where, B and r} are constants obtained through the regression analysis.
The material constant kg can be estimated through Eq. (4), which was developed by algebraic
manipulation and has the great advantage of requiring only two fatigue limits, which can be
easily determined or found in the literature. However, these fatigue limits are considerable
unstable. Therefore, this model was applied by assuming two different values of k.
Firstly, the kg was calculated through Eq. (4), proposed by Sines [8], [9], and axial stress
fatigue limits obtained in this experimental campaign (04 g=—1= 232MPa and 0,4 p-o=
193MPa), which results in a k; equal to 0.095. Thus, for this value is obtained Eq. (27) and

Fig. 10:

{s = 195.38 N 00%¢

R? = 0.349 @7
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Figure 10. Sines damage parameter as function of fatigue life for kg = 0.095 [42]

The second value of k; is a result of a methodology proposed by the authors of this work and
which includes all fatigue limits from the fatigue tests under uniaxial and multiaxial loading
conditions for all stress ratios (R) under consideration. In this sense, a linear regression
analysis to obtain the kg parameter, with the purpose of achieving a better fit, is suggested and
given by:
Taocti = (—3ks) - Onmean,i T Ta,oct,05 (28)
where, T, ot 18 related to a random sample and considered a dependent variable, 0y mean ;i 18
the independent variable of T ot ;, and T4 o¢¢ o 18 the interception with vertical axis (the value
of Tgoct When 0pmeqn = 0). In this analysis, a two-parameter log-normal distribution
describes the 7, 4¢ ;. and the maximum likelihood estimators of 7,0 and (3k;) are,
respectively, given by:
Taoct,0 = Taoct T (3ks) = Onmeans (29)

(30)

?=1(O-h,mean,i - Eh,mean)(Ta,oct,i - fa,oct)

(—3k,) =

)

?: 1 (Uh,mean,i - Eh,mean) ’
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where, Gy meqn and Ty o are the average values of the experimental fatigue limits of 0 ymean,i
and 7, o ; for several stress ratios (R) of uni- and multi-axial loading conditions, respectively,
and n is the number of samples corresponding to the several stress ratios (R) and loading
conditions studied and considered.

This methodology was applied based on the fatigue limits obtained in this experimental work
and in ref. [43] for pure torsion, pure bending, and torsion combined with bending. All
experimental fatigue limits are presented in Table 4. The function obtained based on the
proposed approach is portrayed in Fig. 11 and its slope equals 0.365 corresponds to 3k, which

means that, accordingly to this method, kg = 0.122.

Table 4. Experimental fatigue limits in 0}, mean and Tgocr [42] [43]

Loading R ah,mean Taoct
MPa MPa
Axial 0.01 66 91
Axial -1 0 109
Axial+Torsional 0.01 56 103
Axial+Torsional -1 0 113
Torsional -1 0 144
Torsional -0.5 0 105
Torsional 0 0 102
Bending 0 68 96
Bending -0.5 23 96
Bending -1 0 119
Bending+Torsional 0 35 99
Bending+Torsional -0.5 12 106
Bending+Torsional -1 0 139
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417 Figure 11. Graph of octahedral shear amplitude as function of hydrostatic mean stress [42]
418
419

420  The power regression equation and graph obtained with this kg are the following ones (Eq.
421 (31):

{S = 205.67 Nf_0'039 31)
R? = 0.451
422
160 T T — T T T T — T T T T — 71T T
150 £ * x & R=0.01, Axial E
F o R=-1, Axial q
140 & + R=0.01, Proportional |3
130 © et S " F e # R=-1, Proportional =
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100 E 3
« 90k 4
sof 3
60 |- :
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423 Number of cycles
424 Figure 12. Sines damage parameter as function of fatigue life for kg = 0.122 [42]
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Summarizing, Fig. 12 shows a lower scatter of experimental points than Fig. 10, so this last
method provided a better value for kg, and, consequently, a better estimation of a fatigue curve

for the S355 steel.

5.2.2. Findley
Findley’s model was combined with Basquin law according to Eq. (32):

(Toa + Kr0omax)max = Tr(2Np)P, (32)
The critical plane of this model changes with the value of k¢ and shear stress (7g,) and normal
stress (0gmax) mMust be determined in this plane, which makes the application of it more
complex and difficult. Hence, these stress components were calculated for each plane (with
an increment of 0.5 degrees), the respective damage parameter determined with them and,
then, the maximum value and the plane where it occurs selected. The shear and normal stress

were calculated using Egs. (33) and (34) from Mohr’s circle principle:

Oy = @ + @Cos(zg) + T,ysen(26) (3:

Oy — O
Tg = — > Y c0s(20) — T,y c05(26) (3

where 6 is the angle between gy and oy, and gy, 0y, Ty, and 7y, the shear and normal stress

components defined in Fig. 13.
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Figure 13: Definition of stress components presents on a specimen during fatigue tests [42]

Furthermore, in Eq. (32), there is an unknown constant, kf, which was firstly determined

through Eqgs. (6), (7) and (8) defined in Section 2 and fatigue limits obtained in this work and

in [43]. The values of ky obtained are summarized in Table 5.

Then, mean fatigue curves equations and graphics were obtained for each value of k;:

Table 5. Values of kf considering different fatigue limits and equations [42][43]

Equations Fatigue limits k¢
(MPa)
JaR=—1 2 Oar=—1 = 253 (bending) 0.425
faR=-1 1+\/1:T} Tyr=—1 = 176 (torsional)
Gune kp+ [14K2 Oar=—1 = 253 (bending) 0.228
20 = Oar=0 = 204 (bending)
%aR=-1 2kf+\/1+(2kf)2
Oar=—1 = 232 (axial) 0.192

ket /1+k2
OqR=0 __ f f

JaR=-1  2ke+ /1+(2kf)2

Oar=0 = 193 (axial)

k; = 0.425 (Fig. 14)

ks = 0.228 (Fig. 15)

ks = 0.192 (Fig. 16)

{
{

f =365.42 N0
R? =0.359

f = 267.79 N7 037
R? = 0.378
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{f = 251.65N; 03¢ (37)

R? =0.296
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459 Figure 2. Findley damage parameter as function of fatigue life for ky = 0.425 [42]
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462 Figure 15. Findley damage parameter as function of fatigue life for ky = 0.228 [42]
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Figure 16. Findley damage parameter as function of fatigue life for k¢ = 0.192 [42]

Thus, in Figs. 14 to 16 can be seen how the value of k influences the performance of the
Findley’s model, since the scatter changes considerably between the different values of ky.
Furthermore, the constant values obtained for each fatigue limit and equation are completely
different as well as the mean fatigue curves.

Therefore, with the aim of clarifying this matter and finding a k; value, which could achieve
a lower scatter of experimental data, a new approach was developed and applied. This new
methodology, aiming to estimate the enhanced Findley parameter, tries to include the mutual
dependency observed between kf and critical plane, and to find an enhanced value of k; based
on the previous ones calculated.

Since the critical plane is constant for the same kind of loading and value of kf, for each
constant value and type of loading, a point, which coordinates are listed in Table 6, was plotted
in Fig. 17. Subsequently, a parallelogram was defined with the experimental points. The
middle point, where the diagonals of this polygon intersect each other, define the enhanced

value of kg, which in the case of S355 steel is 0.304 [42].
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486
487
488
489
490 Table 6. Critical plane for each loading, stress ratio and k; [42][43]

Loading R 260 ks
(2]

Axial 0.01 291 0.192
295 0.228
311 0.425
Axial -1 281 0.192
283 0.228
293 0.425
Axial+Torsional 0.1 336 0.192
(c=21) 340 0.228
356 0.425
Axial+Torsional -1 326 0.192
(c=21) 328 0.228
338 0.425
Axial+Torsional -1 345 0.192
(o=1) 347 0.228
357 0.425
Torsional 0 381 0.192
385 0.228
401 0.425
Torsional -0.5 375 0.192
377 0.228
390 0.425
Torsional -1 371 0.192
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373 0.228

383 0.425

Bending 0 291 0.192

295 0.228

311 0.425

Bending -0.5 285 0.192

287 0.228

300 0.425

Bending -1 281 0.192

283 0.228

293 0.425

Bending+Torsional 0 355 0.192
358 0.228

374 0.425

Bending+Torsional -0.5 348 0.192
351 0.228

353 0.425

Bending+Torsional -1 345 0.192
347 0.228

357 0.425

491  Finally, the fatigue curve for this value of ks was obtained and plotted in Fig. 18:
492

— —0.039
{f = 303.78 N¢ , (38)
R? = 0.466
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493 Nuwumber of cycles
494 Figure 18. Findley damage parameter as function of fatigue life for ky = 0.304 [42]

495
496  Although the complexity of this methodology, it resulted in the lowest scatter among the
497  experimental fatigue data and seems to provide a suitable fatigue curve to describe S355 steel

498  fatigue behaviour.

30



499

500
501

502

503

504

505

506

507

508

509

510

(9,10}

513

5.2.3. McDiarmid

The McDiarmid’s model has the advantage of defining a critical plane as the one where shear
stress amplitude achieves the greatest value, which is less complex in terms of application
than the previous model. Furthermore, as can be seen in Eq. (39) formulated from the

combination with Basquin law, there is no unknown constant:

09, max
Tgg +—=——t1p = 7+(2N;)B,
B,a zo_u A,B f( f) (39)
where, t, p 1s the fully reversed torsional fatigue limit (176 MPa), so, as consequence, ;ATB 18

0.152.

At this point, the fatigue curve equation and graph can be defined for this model (Eq. (40)):

{m = 225.61 N7 20%
R?=0173 ' (40)

However, as it is depicted in Fig. 19, McDiarmid provides a small correlation of the

experimental fatigue data and should not be used to describe S355 steel fatigue behaviour.
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Figure 19. McDiarmid damage parameter as function of fatigue life [42]
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5.2.4. Dang Van

The Dang Van’s multiscale approach was also combined with Basquin law, in order to
estimate a fatigue curve for the S355 steel:

Tamax + KaOnmax = T (2Np)" (41)
where, k; is a constant which was determined through three different methods, in order to
determine which of them provides the best fatigue curve for S355 steel.

Initially, the experimental axial fatigue limits determined in the experimental campaign were
plotted, as can be seen in Fig. 20, and considered that k, is equal to the slope of the linear
regression applied to these points. Thus, accordingly to this method proposed in [20],

ky=0.367.

160 T T T |
4 Experimental Points

ez “Tagar = —0.3670) ymar + 144.37
Mo T—— -

120 — Wﬂm_mm_mHWW |

ol ; | \ ! | ! i
0 20 40 60 80 100 120 140
Th,max

Figure 20. Axial fatigue limits for R=0 and R=-1 (see Table 7) plotted and respective linear regression [42]

The fatigue curve equation (Eq. 42) and graph (Fig. 21) achieved to k;=0.367 were the
following ones:

{d = 253.93 N %03° (42)
R2=0319
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Figure 21. Dang Van damage parameter as function of fatigue life for k; = 0.367 [42]

Afterwards, the same approach proposed by the authors in Section 5.1.1 can be followed to
estimate the Dang Van parameter, k4, where all fatigue limits available from the fatigue tests
under uniaxial and multiaxial loading conditions for all stress ratios (R) under consideration
are used. Thus, a linear regression analysis based on the two-parameter log-normal

distribution can again be conducted to obtain the k; parameter [44]:

Ta,max,i = (kd) " On,max,i — Ta,max,0s (43)
Tamax,0 = fa,max + (kd) ’ Eh,maxv (44)
Z?=1(O-h,max,i - Eh,max)(Ta,max,i - fa,max) (45)

)

—ky =
?:1(O-h,max,i - Eh,max)z

where, T, mqy ; 18 the value of a random sample and considered a dependent variable; oy, 14y i
is the independent; T, 140 1S the interception with the vertical axis (value of 7 4, When
Onmax = 0); Opmean and Tg oo are the average values of the experimental fatigue limits of

Onmax,i ANd Tgmay i fOr several stress ratios (R) of uni- and multi-axial loading conditions,
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542 respectively; and n is the number of samples corresponding to the several stress ratios-R and
543 loading conditions studied and considered.

544  Thus, the fatigue limits in 0y, 4, and 7, 14, Were plotted again (Fig. 22), based on the fatigue
545  limits for all loading conditions (axial, axial+torsional, torsional, bending, bending+torsional),
546  which are presented in Table 7. In this way, an estimation of the Dang Van parameter is

547  presented.

548 Table 7. Experimental fatigue limits in 0y, gy and T mqy [42] [43]
Loading R O'h,max Ta,max
MPa MPa
Axial 0.01 130 97
Axial -1 77 116
Axial+Torsional 0.01 111 117
Axial+Torsional -1 60 128
Torsional -1 0 126
Torsional -0.5 0 129
Torsional 0 0 176
Bending 0 136 102
Bending -0.5 91 102
Bending -1 84 127
Bending+Torsional 0 70 118
Bending+Torsional -0.5 50 126
Bending+Torsional -1 49 165
549
550
180{ T I I |
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160 Tamar 0.341ah ar + 147 [H. |
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20
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551 Oh,maz
552 Figure 22. Fatigue limits of Table 7 plotted and respective linear regression [42]

553  As can be seen in Fig. 23, the slope of this linear regression is equal to 0.341. So, the mean

554  fatigue curves were recalculated and replotted, but for k;=0.341 (Eq. (46)):
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Figure 23. Dang Van damage parameter as function of fatigue life for k; = 0.341 [42]

Lastly, the value of k; was calculated through the application of Eq. (13) proposed by Dang

Van and Maitournam [21]. Subsequently, the mean fatigue curves using Dang Van’s model

were calculated with k;=0.587 (Fig. 24 and Eq. (47)):
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Figure 24. Dang Van damage parameter as function of fatigue life for k; = 0.587 [42]
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This value of k; provides the best mean fatigue curve obtained through the application of the
Dang Van’s model when the coefficients of determination of the different used approaches

are compared.

5.2.5. Susmel-MWCM

On the other hand, Susmel’s model implies a different methodology of application to estimate
fatigue life. First of all, instead of obtaining a single curve for all kinds of loading, this model
establishes a design curve for each loading scenario. Thus, the design curves are defined

through Eq. (48), which is the result of algebraic manipulation of Eq. (16):

1

N\ kelporr)
o = Tarers (Pers) (55) 0 )

By looking at the above equation, it is concluded that there are four variables which must be
determined: Tgreff, Key Pesy and Nypop. Following the procedure present on Susmel’s work,
N,y was taken equal to 2 - 10° cycles [40].

Then, the index m was calculated based on Eq. (15) and on the endurance limits of Table 8§,
which resulted in m=0.31. After that, by applying this value of m to Eq. (14), the different
values of p.gf for each loading condition were calculated and are listed in Table 9. Regarding
Pejy- it is also important to determine the limit value (py;,), which was calculated through

Eq. (23) as equal to 1.36.

Table 8. Fatigue limits (at 2 - 10° cycles) required to calculate m and p;,,, [42], [43]

Loading Condition Stress parameter
T,(MPa) 95
Uniaxial, R=0.01 opm(MPa) 97
0,.(MPa) 95
Uniaxial, R=-1 o,(MPa) 232
Torsional, R=-1 17,(MPa) 183

The next step was to calibrate this model i.e., in other words, to determine constants a, , and

p in Egs. (17) and (18) through the values for T, o and k; for the fully reversed uniaxial and
torsional loading cases as well as the already known values for p,g¢, which are always 0 and

1 for these particular loading conditions, not being influenced by the value of m [34], [38].
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Therefore, the experimental points for these loading conditions were plotted on a modified
Wohler diagram, which plots T,versus N, then simple non-linear regressions were applied
and subsequently T, .y and k; were calculated. Finally, constants a, , and  were determined
and the linear functions which define the values of 74 ,¢f and k; for each value of r sy are
defined by Egs. (49) and (50):

k; = 7.8pesr + 10.4, (49)

Taref = _67Peff + 183, (50)
Subsequently, the different values of Tq,eff and k; could be determined (Table 9) as well as

the design curves for each loading condition.

Table 9. Values of p,¢f, Tgyerp and k; for each loading condition: (*e): are the experimental values used to calibrate this model and
(*t):are the theoretical values calculated through Equations (49) and (50)

Loading Condition Pesf Tarerf(Pesr) k:(Pesp)
Uniaxial, R=0.01 1.32 95 (*t) 20.7 (*t)
Uniaxial, R=-1 1 116 (*e) 18.2 (*e)
Proportional, R=0.01 0.93 121 (*t) 17.7 (*t)
Proportional, R=-1 0.70 136 (*t) 15.9 (*t)
Torsional, R=-1 0 183 (*e) 10.4 (*e)

Thus, the design curves equations for uniaxial loading with R=0.01 and R=-1 are, respectively,

the following ones (Egs. (51) and (52):

Nf —0.048 (51)
Ta =95 (2-106) ’

Ny —0.055 (52)
Ta = 116 (2-106) ’

Regarding the proportional loadings, Egs. (53) and (54) were determined for R=0.01 and R=-
1:

N, \—0.057 33
7o =121 (2-1{)6) > ©9)

Nf —0.063 (54)
To =136 (2-106) ’

Finally, all the fatigue design curves calculated and the corresponding experimental data

were plotted in a single modified Wohler diagram and can be seen in Fig. 25.

37



180 ; r . "

160 |
[ A A oyt ST |
14 S — -
0 5 & .
2 R e =20 A
120 o o © O
L ° © o 9
:: . * ¥ -
= F— = -
— 100 | * e 2 T e
= +
80|
+ Experimental Data(R=0.01,Axial) Susmel Model(R=0.01,Axial)
¢ Experimental Data(R=-1,Axial) Susmel Model(R=-1,Axial)
o Experimental Data(R=0.01,Proportional) s Susmel Model(R=0.01,Proportional)
& Experimental Data(R=-1,Proportional) Susmel Model(R=-1,Proportional)
60 L 1 L 1 L 1 1 i 1 L 1 i i L 1 | i 1 i L 1 | i
6 8 10° 2 4 6 8 10° 2 4 6 8
610 Number of cycles
611 Figure 25. Fatigue design curves determined using Susmel Model for different loading conditions

612  As can be seen in the design curves of Fig. 25, the model under study seems to be suitable for
613 S355 steel fatigue life estimation. The experimental points of fatigue tests are scattered around
614  each design curve with a lower dispersion. However, for the case of proportional loading with
615  stress ratio around zero, the model does not show such a great accordance with the
616  experimental data. Therefore, through the fatigue data available, it is concluded that Susmel’s
617  model can be used to estimate multiaxial fatigue life of S355 steel.

618

619  5.2.6. Comparison and discussion

620  In this section, a comparison between different models including the approaches used to
621  estimate their k parameters is presented. Therefore, in order to evaluate and compare the
622  experimental models under study, three different parameters where considered and calculated:
623  the coefficient of determination (R?), the error index and the mean of the absolute values of

624  the error index (&).
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The coefficient of determination (R?) measures the fit quality of design curves obtained for
each model to the experimental points. This variable was calculated through a Microsoft Excel
inherent function [45].

Regarding the second variable mentioned, the error index, it portrays the deviation between
the estimated fatigue damage and the experimental fatigue damage observed at a certain

number of cycles [46], [47]. This variable was calculated through Eq. (55):

experimental value—theoretical value

error index; (%) = +100%,i =

theoretical value
(55)

specimen number,
Furthermore, it was assumed that error index calculated for each model can be defined as a

random variable X;, which follows a normal distribution with a f probability density function

defined by Eq. (56):

1 (x—p\?
flx) = ! e_E(Tu) [X; — N(u,02)],j = sines, findley, mcdiarmid, dangvan, susmel, (56)

oV2m

where u is the mean and o is the standard deviation which characterize the normal distribution
[45].

Lastly, the mean of module of error index (€) was also calculated for each model with the aim
of depict the relative error that is associated to fatigue life estimation proposed for each design

curve calculated. This parameter is defined by Eq. (5§7):

Y lerror index;|

e= : (57)

n

where 7 is the number of specimens.

The three different parameters were calculated for each model’s approach and are listed in
Table 10. Besides, the error index values obtained for all specimens were plotted in a
frequency histogram as well as the respective normal distributions for each model (Fig. 26).

It is important to highlight that those graphs have two vertical axes of different scales: the left
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axis represents the histogram frequency and the right axis is related to the f probability density

function which is also portrayed in the graph.

Table 10. Summary table of models studied.

Models k parameter R? Error index (%) ¢ (%)
u c
Sines Sines [8], [9] 0.095 0.349 -0.20 6.78 5.2
) Proposed approach (Fig. 11 and Egs. (28) to (30)) 0.122 0.451 0.64 5.85 4.4
Eq. (6) according to ref. [32] 0.425 0.359 0.00 7.58 6.4
Findley Eq. (7) according to ref. [32] 0.228 0.378 0.35 6.50 5.1
Eq. (8) according to ref. [32] 0.192  0.296 0.68 7.57 6.0
Proposed approach (Fig. 17) 0.304  0.466 -0.09 5.65 4.5
McDiarmid ~ McDiarmid [17], [33] 0.152  0.173 0.39 9.90 7.8
Lieshout et al. [18] 0.367 0.319 0.15 6.99 5.5
Dang Van Proposed approach (Fig. 23 and Egs. (43) to (45)) 0.341 0.288 0.62 7.49 5.8
Dang Van and Maitournam [21] 0.587 0.570 -0.31 4.35 3.4
Susmel Susmel [27], [34]-[36], [38], [40] - - -3.25 4.45 4.0

According to R? and é, the best approach is the one proposed by Dang Van considering a k
parameter equal to 0.587 as proposed by Dang Van and Maitournam [21]. Nevertheless, the
Susmel’s model also shows a mean of absolute errors reasonable low and close to the value
obtained through Dang Van’s model. However, it is important to highlight that Susmel’s
model requires more parameters and information to define the design curves than the other
models.

Moreover, the proposed approaches to Sines’ and Findley’s models also provide an estimation
of fatigue behaviour and damage of great accuracy and low error index, which absolute mean
is above 5%.

On the other hand, McDiarmid’s model seems to conduct to high values of absolute and not
absolute errors index mean as well as a low capacity of adjustment of mean curve as it is
portrayed in the value of R?.

The observations and conclusions described above are enhanced by the frequency histograms

of Fig. 26, where can be observed not only the error index values but also their distribution
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and dispersion. As expected, both Dang Van’s model (with kq=0.587) and Susmel’s model

show low error index values, mainly located around zero and with a low dispersion.

Additionally, it is, once again, clear the inability of McDiarmid’s model to describe fatigue

behaviour of S355 steel since it achieves error index values close do 30%.
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Figure 26. Frequency histograms and density functions of the normal distribution of the error index plotted for each model.
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In sum, regarding the results presented by the application of the Sines’ model, the most
appropriate approach for estimating the k parameter was the approach proposed in this paper,
which takes into account all available fatigue limits coming from different loading conditions,
according to Table 4 and Fig. 11. The same happens when analysing the results of the
approaches used to calculate the k parameter of the Findley’s model: the approach proposed
in this research work, according to Table 6 and Fig. 17, leads to the best criterion for obtaining
the Findley mean fatigue curve. Moreover, in this investigation, the McDiarmid’s model
proved to be the most inadequate for analysing experimental fatigue results of the S355 steel
under axial and multiaxial loading conditions. Last of all, the Dang Van’s model for k; =
0.587 and the Susmel’s model appear to be the most suitable to describe S355 steel fatigue
behaviour in high cycle region, but the last one requires more parameters and effort to define
it.

In Fig. 27 (a) and (b), the experimental number of cycles obtained in each fatigue test is
compared with the Dang Van’s and Susmel’s number of cycles calculated for each
experimental test through the mean fatigue curves estimated. As expected, almost all points
are placed between lines of multiplicity five and a great number of them are between lines of

multiplicity two.
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Figure 27. Calculated number of cycles versus experimental number of cycles until failure graph for: (a) Dang Van’s
model (k«=0.587) and (b) Susmel’s model [42]

6. CONCLUSIONS

Throughout this work, axial and proportional (axial and torsional) fatigue tests were
performed in S355 steel under stress ratio equal to 0 and -1 for the high-cycle region. The
experimental data obtained were analysed and studied aiming at evaluating five different
multiaxial fatigue models which were also explained and discussed. Therefore, axial S-N
curves for two different stress ratios were determined (R=-1 and R=0) as well as calculated
mean fatigue curves for axial and proportional experimental fatigue data, considering different
models and constants.

Subsequently, it was concluded that the McDiarmid’s model should not be considered to
evaluate fatigue behaviour of S355 steel, while the models proposed by Findley and Sines,
considering the proposed k parameters, are acceptable choices to assess it. However, Dang
Van’s and Susmel’s models provided the best mean fatigue curves to represent S355 steel in
terms of high cycle fatigue in case of a proportional loading.

In the future research work, a probabilistic analysis should be conducted, and a probabilistic

design curve obtained to complete this study.
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