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Abstract

Fatigue damage assessments of M10 bolted joint, made
of 42CrMo4 heat treatable steel and strength class 10.9,
were carried out for different preload forces and variable
amplitude eccentric forces for high reliability. Assessments
were done with preload forces of 50%, 70%, and 90% of
force at bolt yield point and without preload force. The
nominal approaches from Eurocode standard and VDI
2230 guidelines are mostly used for fatigue assessment.
These nominal approaches cannot consider and describe in
detail the local stress state at the thread root, which on bolt
M10 have a radius of 217 pum. Threaded joints have several
peculiarities that complicate the fatigue damage assess-
ments. Range of dispersion is used to describe material
cyclic scatter band with Gaussian normal distribution in
logarithmic scales. Range of dispersion for notched struc-
ture of 42CrMo4 steel is taken from measurements. In
order to take multiaxial stress field in thread root with high
notch effect, multiaxial fatigue stress criterion based on a
critical plane theory is applied for fatigue damage assess-
ment. Critical plane approach is used for estimation of the
fatigue damage and fatigue fracture plane position. De-
crease of fatigue strength beyond the S-N curve knee point
at 2-10° cycles is considered for the damage calculation.
The main difficulties encountered in threaded joint fatigue
damage assessment are due to the uncertainties and there-
fore, statistics and probability are applied. Assessments are
carried out for 50%, 97.5%, 99%, 99.9%, 99.99%, 99.999%,
99.9999%, 99.99999%, and 99.999999% survival probability.

INTRODUCTION

The high strength bolted joints are often used in a variety
of industry. However, bolted joints can be damaged due to
fatigue or hydrogen embrittlement (HE). Fatigue assess-
ment of bolted joints are considered in fatigue problem
areas and requires research /1, 2/. The problem of deter-
mining the threaded joints fatigue strength and damage has
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Kljucne reci

* zamorno oSteéenje

+ zamor korena navoja

* verovatnoca otkaza

+ verovatnoca prezivljavanja

Izvod

Odredivanje zamornog ostecenja M10 vijcanog spoja od
toplotno obradenog 42CrMo4 Ccelika, razreda cvrstoce 10.9,
izvedeno je za razlicite sile pritezanja i ekscentricne sile
promenjivih amplituda za visoke pouzdanosti. IstraZivanje
je sprovedeno sa silama pritezanja od 50%, 70%, i 90%
sile na granici tecenja, kao i bez sile pritezanja. Nominalni
pristupi prema normi Eurocode i VDI 2230 pravilniku se
najcesce koriste za odredivanje zamora. Nominalni pristupi
ne mogu detaljno opisati lokalno stanje napona u korenu
navoja, koji na vijku M10 ima radijus od 217 pum. Navojni
spojevi sadrze nekoliko specificnosti koje komplikuju odre-
divanje zamornog ostecenja. Raspon rasipanja je koris¢en
za opisivanje rasipanja ciklickih svojstava materijala sa
Gausovom normalnom raspodelom u logaritamskim koordi-
natama. Raspon rasipanja za konstrukciju sa zarezom od
42CrMo4 celika preuzet je iz merenja. Da bi se uzelo vise-
osno stanje napona u korenu navoja s visokim uticajem
zareza, viseosni zamorni kriterijum napona zasnovan na
teoriji kriticnih ravni je primenjen za procenu zamornog
oStecenja. Pristup sa kriticnim ravnima odreduje zamorno
osteCenje i poziciju zamorne prsline. Smanjenje dinamicke
évrstoée nakon 2-10° ciklusa na S-N krivoj uzeto je u obzir
za proracun ostecenja. Glavne poteskoce odredivanja zamor-
nog ostecenja navojnog spoja su usled nesigurnosti i zbog
toga su primenjene statistika i verovatnoca. Odredivanje
zamornog ostecenja izvrseno je za 50%, 97.5%, 99%, 99.9%,
99.99%, 99.999%, 99.9999%, 99.99999%, i 99.999999%
verovatnoce prezivljavanja.

been investigated for many years. Fatigue limit affected by
the stress gradients, size effect and surface quality for high
reliability in industry are also in the problem areas. Off-
shore and subsea applications where bolted joints are the
critical points can be found on wellheads, xmas trees, drill-
ing risers, structural connections, flanges, and similar /3, 4,
5/. Drill pipe threaded connections are susceptible to fatigue
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damage because of high stress concentration due to the
geometry and high mean stress induced by preload /4/.
Fatigue life prediction using the Dang Van criterion for
threaded joints was proposed on a drillstring joint used in
the oil and gas industry /6/. The drillstring is a threaded
assembly of tubes with a length of several kilometres,
diameter of approximately 10-30 cm, and the roots radius
of some millimetres /7/. For the oil and gas industry, Hill
/7/ reported that 65% of the drillstring failures are related to
fatigue problems. Fatigue of this problem is relevant /8, 9/.
Therefore, high integrity of bolted joints are required.
Although some recent work has investigated the fatigue of
notched specimens /10-12/, the complete problem of the
fatigue assessment procedure has not yet been solved. A
similar work has also been presented in /13/ with bolt
fatigue lifetime evaluation using Dang Van criterion. Inves-
tigations of the stress-gradient effect on fatigue have been
performed using the Dang Van criterion /14, 15/. Develop-
ment of deepwater reservoirs with higher water depths,
higher pressure and higher temperature requires higher
safety and reliability of structures /3/. It is well known that
high strength steels are prone to HE and their resistance
decreases with the strength increase. The resistance is
generally expressed in terms of hardness limit above which
the material is not recommended for use in the specific
environment (e.g. sea water) or HE threshold stress inten-
sity factors. Steels with yield strength below 800 MPa are
generally resistant to HE /16, 17/. Design of bolted joints
for offshore industry is governed by ASME Code: ASME
B16.5 /18/ and API Standards: API 6A: Specifications for
Wellhead and Christmas Tree Equipment /19/. The Health
and Safety Executive from UK stated that the main cause of
structural damage for installation in the North Sea is fatigue
with 25%, whereas only 6% damage is due to corrosion
/20/. Besides structures in oil and gas industry, automotive
industry also has problems with bolted joints fatigue fail-
ures /21/, biomechanics with fatigue of pedicle screws used
for spinal implants /22, 23/, and dental implants /24, 25/.

In order to assess the fatigue life of threaded joints on
the basis of the nominal stresses, nominal approaches from
standards Eurocode 3 /26/ and VDI 2230 guidelines /27/ are
mainly used for fatigue assessment. However, bolted joints
have a complex geometry with blunt notches and nonlinear
contact interactions. The assessment methods based on
nominal stresses cannot consider and describe in detail the
local stress-strain state at the thread root. When assessment
is done according to nominal approaches, without accurate
thread notch dimensions, the definition of nominal stress is
simple at first glance. For the bolted joint, it is average
stress in the bolt cross-section calculated with simple engi-
neering expressions or by FE analysis on ideally cylindrical
bolt joint, usually without nonlinear contacts. At a closer
look, the problems emerge due to many details and influ-
ence factors which are not taken into account. Even normal
and fine threads are not different, so by engineering judge-
ments distinction must be done. Variations within the
thread details in dimensions and tolerances for thread roots
and flanks, fatigue influencing factors, preload forces, and
accurate stress distribution inside bolt continuum are not
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covered. The consequence is that this reduction in details
gives rise to the scatter of the fatigue assessments results,
because even a change from normal to fine threaded joint
can increase stress concentrations due to the smaller thread
root radius. Investigation regarding the local strain
approach is published, /28/.

Until recently, bolting technicians did not need to have
the same competence standards as welders. However, in
2013 two standards were published highlighting the
requirements for bolted joints. ASME updated the 2010
PCC-1 ‘Guidelines for Pressure Boundary Bolted Flange
Joint Assembly’ with an appendix defining the require-
ments for training and qualification of technicians working
in the field of bolted joints. The European Committee for
Standardization (CEN) re-published EN1591 Part 4
‘Flanges and their Joints - Part 4: Qualification of personnel
competency in assembly of the bolted connections of
critical service pressurized systems’. Consequence of joint
loosening result with fluid leakage and/or structure failure.
Too low preload forces on dental implants can, for
example, create microgap formation between dental implant
and abutment screw which may foster bacterial invasion of
the screw joint interface, /29/.

Load distribution and stresses in threaded joints have
been widely investigated, /30-34/. All results show that load
is not uniformly distributed along the threads and that the
first engaged thread is subjected to the highest load. As
observed by Croccolo et al. /35/, it is difficult to find in
published investigations systematic and effective experi-
ments concerning fatigue tests performed on screws or
bolts. It is even more difficult to find investigations that
take into account the tightened members, /36/.

Recent review by Patterson /37/ evaluated different
methods for bolt fatigue life prediction. Even if the loading
in the threaded joint is uniaxial, multiaxial (triaxial) stress
state exists at the thread roots. Fatigue of the bolted joints
requires a multiaxial fatigue criterion, /38/. Damage evalua-
tion, without stress triaxiality consideration, results in an
unrealistic fracture, /39/.

The state-of-the-art overview shows that the majority of
approaches that estimate multiaxial fatigue behaviour in
high-cycle fatigue (HCF) regime are either stress or energy
quantities based on the critical plane approach /38-45/. The
critical plane approach takes as a starting point that the
fatigue damage reaches its maximum value on the plane of
maximum shear stress amplitude z /46-50/, and it is based
on the hypothesis that stage I is the most critical stage in
forming fatigue cracks. Furthermore, multiaxial fatigue
strength is estimated with the stress perpendicular to the
critical plane. The maximum normal stress (,max) relative
to the plane with maximum shear stress amplitude (z) is
used to evaluate the detrimental effect of non-zero mean
normal stress /46-50/. Therefore, according to the critical
plane approach theory, fatigue damage depends on both 7,
and Opmax. Forsyth /51/ defined fatigue crack growth as a
two stage process, where stage I corresponds to Mode 11
crack growth (caused by shear component) and stage II
corresponds to Mode I crack growth (induced by normal
components). This justified the use of both shear and
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normal components in fatigue parameter definition, /52/.
Fatigue strength depends not only on the value of the elastic
stress but also on their spatial distribution because fatigue at
a point is a nonlocal phenomenon, /53/. Detailed investiga-
tion of stress gradients influencing bolted joint fatigue
behaviour is recently published, /54/.

The aim of this study is the fatigue damage assessment
of M10 bolted joint, made of 42CrMo4 heat treatable steel,
strength class 10.9, with different preload forces and vari-
able amplitude eccentric forces for high reliability up to
survival probability of Pg= 99.999999%. Range of disper-
sion is used to describe material cyclic scatter band with
Gaussian normal distribution in logarithmic scales. This
study takes into account elastic support from tightened steel
members. Due to the high stress concentrations in thread
roots, complex nonlinear contact interactions, complex
loading combinations, and cyclic material nonlinearity, the
stress gradient and critical plane approach based on stresses
with multiaxial failure criterion are used for fatigue assess-
ment. Decrease of fatigue strength beyond the S-N curve
knee point at 2-10° cycles is considered for damage calcula-
tion according to the modified Palmgren-Miner linear damage
accumulation hypothesis. Assessments are carried out for
50%, 97.5%, 99%, 99.9%, 99.99%, 99.999%, 99.9999%,
99.99999%, and 99.999999% survival probability.

MODELLING

Very detailed FE analyses are conducted to obtain the
realistic stress distributions in the thread roots. FE model
consists of: bolt, nut, and two plates, as shown in Fig. 1.
Mesh is created with solid hexahedral elements (Abaqus
C3DS8 element) with 108332 nodes and 95652 clements.
Thread profile is defined as axi-symmetric because it has
been found that helical effect does not influence the load
distribution, /55/. Nonlinear contacts are modelled with
sliding surface contact. Contact surfaces are shown in
Fig. 2a and 2b. Average finite element size in thread root is
~ 30 um. Experience suggests that average element size in
thread root shall be within the interval 10-15% of thread
root radius. In total, 4 element layers are created in depth
with this size to accomplish a certain ratio. This ratio can be
suggested as approximately 0.1-0.15% of bolt diameter (or
any other threaded structure, for instance like drill pipe). In
this case, result is = 0.125 mm, as shown in Fig. 2¢).

The coefficient of friction is set to 2= 0.1. According to
VDI 2230 Guidelines /27/, for material combination steel-
steel in dry state, g= 0.1-0.23. Furthermore, according to
VDI 2230 Guidelines, in the case of uncertainty about
friction in the thread flanks and under the bolt head and nut,
the lowest possible coefficient of friction must be selected.
Preload scatter will be minimized if lubricants are used on
thread contact surfaces. The bolted joint consists of M10
bolt, strength class 10.9 with metric standard thread (pitch
according to DIN 13-1 and -28, stress cross section and
cross section at minor diameter according to DIN 13-28,
and minimum yield point according to DIN EN ISO 898-1).

Kinematic couplings are created in the middle of each
plate for applying the eccentric forces and to hold the model.
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Figure 1. FE model of the bolted joint.

Slika 1. Model konacnih elemenata vijéanog spoja

Boundary conditions are defined around the plates with
symmetry constraints in XY plane, and displacements in
YZ direction on the kinematic couplings are prevented to
establish a model without rigid body motion. During the in-
service life of any bolted or threaded joint, first load is due
to tightening. Bolt preload forces (F),) are defined according
to force at yield point (Fp,) for M10 bolt, strength class
10.9, with value of Fy,= 55000 N, /27/. Applied preload
forces are defined as 50, 70, 90, and 0% of Fj,, and these
forces define the models as 1, 2, 3, and 4, respectively.
Abaqus command ‘Bolt Preload’ is used for application of
the force on surface in middle of the bolt shank. In this
case, there is only one bolt, but when there are more bolts,
it is generally recommended to simultaneously introduce
the tensioning of all bolts in-service, for instance in flange
applications. In the case when only half of the bolts are
tensioned simultaneously, elastic interactions between bolts
occur which result in a small difference of preload forces in
bolts, which can only be visible with ultrasonic or strain
gauge measurements of tension in the bolts. After constant
bolt preload force, further steps consist of additional eccen-
tric forces with variable amplitudes, as shown in Fig. 3a. If
only a proportion (normally 90%) of the minimum yield
point R,omin Of the bolt standardized according to DIN EN
ISO 898-1 or DIN EN ISO 3506-1 may be utilized for the
equivalent stress o, par , then, with the utilization factor v
the equivalent stress due to the assembly preload force is:

Ogv.pail =VRp0 2min (1)

where v is a utilization factor of the yield point stress (limit
of full plastification of the cross section) during tightening.
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Figure 2. (a) Contact surfaces; (b) detailed view of thread flank
contacts; (c¢) mesh of thread root detail.
Slika 2. (a) Kontaktne povrsine; (b) detaljan pogled na kontakte
bokova navoja; (c) pogled na mrezu detalja korena navoja

Allowable assembly stress can be calculated according
to the following equation:

l/RpOAZmin (2)

Opall =
1+3 3dy L+1.155;1,,-min
2dy\ nd,

where d, is pitch diameter of the bolt thread, d, is diameter
at the relevant smallest cross section of the bolt, P is pitch,
and f4ymin 1s minimal value of thread friction coefficient.
The allowable assembly preload force (Fp,;) may addi-
tionally be taken as 90% of the standardized minimum yield
point (Rp0omin) according to standard DIN EN ISO 898-1.
Values from the standard have been calculated without
taking into account dimensional and geometrical tolerances.
Cyclic eccentric tensile forces with variable amplitudes
(FAE) are defined at 40 mm distance from bolt axis. Cumu-
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lative spectrum distribution of variable amplitudes is shown
in Fig. 3b. This type of block-program investigation is a
Lo-Hi (Low—High) sequence, /56/.

Normal (F) and radial (F,) force components on thread
flank are shown in Fig. 4.

A
a) F
[N] /
¥
P FAEmax
K
FP FAEmm
‘—K; y A >
steps
FAE[N] T I I | I
7000
b) e el T = -
6000
5000_ ) _l_l/_/_ T ]
ss00[ | 7'/77 .
2000_ _|/7 —Im T
B == T 7
700/ | | | ] |
4 6 8§ 10 12
n [eycles]

Figure 3. (a) Loadings on bolted joint; (b) Cumulative spectrum
distribution of variable amplitudes.
Slika 3. (a) Opterecenja vijéanog spoja; (b) Raspodela spektra
akumulacije promenjivih amplituda
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Figure 4. Force components on thread flank.
Slika 4. Komponente sile na bokovima navoja

Equivalent stresses in bolts are usually calculated ac-
cording to the VDI 2230 with following the equation:

O-J_eqv = \/(O-J_max )2 + 3(kJ_rTJ_t )2 (3)

where oy, 1S maximal tensile stress, Omax = Fsmax/Ao, Where
Ao = As. Ag is the bolt stress section. 7; is the maximal shear
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stress. k, is a reduction coefficient for shear stress during
the life. Usually, k.= 0.5 /27/.

Numerical analyses are done on FEM model in Abaqus
6.12 (Simulia, Providence, RI, USA). The stress tensors
with influence factors and nonlinear cyclic material proper-
ties are further calculated in the FemFat 4.8 (ECS, Steyr,
Austria) software.

42CrMo4 HEAT TREATABLE STEEL PROPERTIES

For bolt strength grade 10.9, the frequently used material
is 42CrMod4, /57/. Alloy steels, mainly 42CrMo4, 40NiCrMo6,
and 34CrNiMo6 remains the most common material for
subsea fasteners, /3/.

Material monotonic and cyclic properties are shown in
Table 1. According to DIN EN 10 083-1 this material is in
the class of heat treatable steel, /58/. Cyclic stress-strain
hysteresis loop behaviour is defined with cyclic coefficient
of hardening XK'= 1.61-R,, and cyclic exponent of hardening
n'=0.15/56, 59/.

Smooth circular specimen diameter for basic material
cyclic properties is 7.5 mm. The S-N curve for alternating

Table 1. Monotonic and cyclic properties for 42CrMo4 steel
Tabela 1. Monotona i cikli¢na svojstva ¢elika 42CrMo4.

Property Value
Modulus of elasticity, £ [MPa] 210000
Poisson coefficient, v [-] 0.3
Tensile strength, R, [MPa] 1100
Yield strength, Ry, [MPa] 900
Cyclic coefficient of hardening, K* [MPa] 1771
Cyclic exponent of hardening, n’ [-] 0.15
Elongation at fracture, 4 [%] 11

tension/compression loading (stress ratio R = —1) and rela-
tive stress gradient (y'= 0) with survival probability
defined at 50% is shown in Fig. 5a. The fatigue limit for
R = —1 have a knee-point in the S-N curve at 2-10° cycles
with the slope of k= 12. Alternating fatigue strength under
tension/compression (R = —1) is op, = 495 MPa /58/. Due
to the issues of uncertainty, material cyclic properties
uncertainties in the S-N curve are considered in this inves-
tigation and reliability is taken into account. The concept of
fatigue reliability is illustrated schematically in Fig.5a. The
equation of the S-N curve (for R = const.):
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Figure 5. 42CrMo4 steel: a) S-N curve; and b) Haigh diagram.
Slika 5. 42CrMo4 celik: a) S-N kriva i b) Hejgov dijagram
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Mean stress influence is taken into account by means of
the Haigh diagram, which is generated by polygonal lines.
Fatigue strength is decreased for tensile mean stress and
increased for compressive mean stress. Therefore, Haigh
diagram is unsymmetrical, as shown in Fig. 5b. Mean stress

rearrangement is done according to the Neuber-hyperbola
with FemFat PLAST.

FATIGUE DAMAGE CALCULATION

k=tana

©)

The calculation of local S-N curve and Haigh diagram
starts from the known basic smooth specimen data, as was
explained in previous chapter. At each node the particular
local S-N curve and Haigh diagram is calculated from the
specimen cyclic fatigue properties, influence factors, and
stress conditions. The definition of the S-N curve model in
the double logarithmic system is that the linear damage
accumulation is done with the amplitude stress tensor of the
particular hysteresis. Other influences like stress distribu-
tion, notch effects, diameter, mean stress, mean stress rear-
rangement due to local plastification, surface roughness and
statistics (range of dispersion and survival probability) are
taken into account at a locally modified S-N curve and
Haigh diagram to obtain correct endurance fatigue limit at
critical areas. Transfer of the results from specimens to
components is one of the main challenges for fatigue
assessment, /60/. The main purpose of the equivalent stress
calculation algorithm is reduction of the multiaxial (triaxial)
stress state in the thread roots to the equivalent uniaxial
state with a criterion of multiaxial fatigue failure, suitable
for a given ductile material. After that, the calculated equiv-
alent stress history is processed in order to make assessment
of the fatigue life. Loading history is analysed in the time
domain with the numerical algorithm of Rainflow cycle
counting. The critical plane position is determined with
damage accumulation method /59, 61-66/. Fatigue fracture
plane is defined by its orthogonal vector according to the
following equation:

7i=0i +mj+nk

(6)
where 7 , ] , and k are unit normal vectors of critical cut-
ting plane along the axes x, y, and z, respectively. Further-
more, /, my, and 7, are direction cosines of the principal
stresses referred to a coordinate system (x, y, z). The normal

stress at every time point o,(f) acting on this fatigue frac-
ture plane is given by /67, 68/:

o, ()= o (O)+ifo, (O)+io. )+ -

+2hiiy T, () + 20T, (0 + 20 AT, (1)

For each cutting plane, which is defined by its orthogo-
nal vector 77, Eq.(6), the orthogonal and the shear stress
components are determined separately for the mean stress
and the stress amplitude tensor. Therefore, the stress com-

INTEGRITET I VEK KONSTRUKCIJA 98

Vol. 14, br. 2 (2014), str. 93—109

ponents normal to the cutting plane are stress amplitudes
and mean stress at every time point.

Equivalent stress algorithm used for the fatigue damage
is scaled normal stress in critical plane. This algorithm
solves the problem of identifying closed stress cycles for
complex random loads with spatial stress states and rotary
normal stresses. This algorithm is recommended for ductile
materials, /59/. This algorithm takes into account the dam-
aging effect of shear. Damage equivalent scaling of normal
stress in material planes is dependent on the stress state
(tension/compression, shear, hydrostatic stress state, and its
combinations). A variable, V(¢ is introduced to character-
ize the stress state at each time step #. The first step in the
stress algorithm is calculation of principal normal stress
01> 0y > o3 at every time point. Furthermore, the variable
V(t;) represents the ratio between the minimum and maxi-
mum principal normal stress in time and is calculated
according to the following equations:

V(tl.):ﬁ for |0'1|>|0'2| ®)
g1

V(t)="L for |o|>|o] ©)
a3

Ratio ¥ can be between —1 and +1. Certain ratios repre-
sent three different stress states:
+ V(t;) =-1 for dominant shear load,
+ V(t;) = 0 for dominant tension/compression load,
« V(t;) =1 for hydrostatic stress state.

Mohr's circle of stress states for torsion, uniaxial tension,
and hydrostatic loading are shown in Fig. 6, respectively.

b) [ o

a

Figure 6. Mohr's circle of stress for: a) torsion, b) uniaxial tension,
and c) hydrostatic loading.

Slika 6. Morov krug napona za: a) torziju, b) jednoosno zatezanje i
¢) hidrostaticko opterecenje

Moreover, the stress tensor in time is scaled as a function
of V(t;). The scaling factor is calculated according to the:

Ay =1+ 1=k V) (10)
where k is a material ductility factor, which can be calcu-
lated according to the following equation:

k=20 (11)
[2))
where op and 7p are alternating and shear fatigue limit, in
respect. With this approach, stress is not modified for
tension/compression. For dominant shear it is scaled up by
the factor £, in order to model the damaging effect of shear
/68/. For the hydrostatic stress state, f{¢;) is linearly extrapo-
lated. Therefore, the magnitude of the hydrostatic stress is
scaled down which correlates with the distortion energy
criterion. This algorithm can be used to solve biaxial and
triaxial stress states, /68/. With the critical cutting plane
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method, the normal stress in the cutting planes is scaled
with f{t;) for each time point.

The damage accumulation method includes accumula-
tion of fatigue damage on all critical planes. Furthermore,
the plane of the maximum damage degree is selected as the
most critical. Multiaxial interaction between stress ampli-
tude tensors and mean stress tensors is solved with critical
plane approach in combination with the Haigh diagram. If
in the cumulative loading spectrum with variable amplitude
of a bolted structure the local stress values are in the elasto-
plastic area of material, then the mean stress tensors are
rearranged by means of Neuber-hyperbola rule in the cycle
stabilised stress-strain curve. The Haigh diagram is used to
define the most critical cutting plane angle and the damag-
ing factor for each node. Cutting plane is defined at every
10°. The relative stress gradient (") influences the local S-
N curve (both slope & and endurance cycle limit Np), and
fatigue strength limit op. Mean stress and surface roughness
influence also the local S-N curve, and fatigue strength op,
whereas influence factors as size and statistics influence
only fatigue strength op.

The modified Palmgren-Miner linear damage accumula-
tion (or sometimes called Haibach) hypothesis is used for
the evaluation of fatigue life. The fatigue damage accumu-
lation is calculated from Eq.(12):

n nl

D EiN,-

where n; is the number of applied certain stress amplitudes
and N; is number of cycles to failure at that certain stress.

The drop of fatigue strength in the high-cycle range is
considered using S-N curve for the damage calculation with
fictitious slopes beyond the knee point of £'= 2k — 1 or 2k —
2 (according to Haibach, /56/) depending on material condi-
tion (wrought, cast or welded). In engineering standards the
knee point of the S-N curve is defined as the transition to
infinite life. Recent experimental results up to giga-cycles
show that there is a further decline of the S-N curve beyond
the knee point at higher cycles. The fatigue strength decline
of = 10% per decade is usually assumed. The S-N curve is
generally limited to 10°, 2:10°, 5-10°, 107 cycles or some
other value depending on the standard or structure, /69/.
Beyond knee point, it is considered that the fatigue life is
infinite. In principle, the fatigue limit is given for a par-
ticular number of cycles to failure. Fatigue limit is given by
the average alternating stress op and the probability of frac-
ture is given by the standard deviation of scatter (s). There
is no knee point between 10° and 10° cycles for the Cr-Mo
steel as the fatigue limit op decreases by 60 MPa, /69/.
Various standards and regulations point out /58, 26, 70/ that
the fatigue limit does not exist in the case of jointed compo-
nents such as press-fits or bolted joints because of fretting,
high temperature, and/or corrosion, /71/.

From the resulting equivalent stress history, a Rainflow
cycle counting is applied to identify closed cycles in the
stress-strain-path. This basically means that the resultant
loading is saved in a square 64x64 amplitude/mean stress
matrix. Rainflow counting method has been shown to be a
superior method compared with peak, range and the range-

(12)
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pair method, /72/. Rainflow cycle counting method is first
proposed by Endo in 1971, /73/. The counting method is
described in an ASTM standard, /74/.

The multiaxial fatigue criteria is based on the fatigue
crack initiation stage and the fatigue crack growth stage is
not included. The bolt thread surface roughness is defined
as R, = 2.5 um. Influence of size is also taken into account
in accordance with FKM-Guidelines, /58/, with the bolt
diameter of 10 mm. It has been found that the fatigue life
reduces as the bolt nominal size increases, /57/.

Instead of the standard deviation s, common in statistics,
fatigue testing and analysis usually use the range of disper-
sion. The range of dispersion for cyclic material properties
is defined as the ratio of the bolt fatigue strength at 10%
survival probability to fatigue strength at 90% survival
probability Ps.
|, op(B =10%)

op (P =90%)

The following simple relationship exists between cycle
range of dispersion Ty and Ts, where k is included as the
slope of the S-N curve:

(13)

S:

Ty =T¢ (14)

For example, a value of Ts= 1.5 (after Radaj) may be
specified for analysing a welded joint in structural steel.

In statistics, a Gaussian distribution is described by the
mean value and the standard deviation. The statistics
applied regarding distribution type is the Gaussian Log-
Normal distribution for calculation of statistics influencing
variables, both for range of dispersion and survival proba-
bility. The characteristic parameters of the scatter band are
the standard deviations s, and sy relating to oy and N,
respectively and alternatively, they are related to the T and
Ty. The logarithmic standard deviation s and the T are
related by equations:

1 1
Sy =| =——|log| —
(2-1.28] [TJ
‘ —[ ! jlo 1
v 21.28) 8T,

Range of dispersion for notched structure of 42CrMo4
quenched and tempered steel is taken from measurements,
/75/. From measurements of 300 smooth specimens (K, = 1)
made of 42CrMo4 steel at R=—1 and R = 0, it is obtained
that 7= 1.12. However, from measurements of 372 notched
specimens (with maximal K;= 5.2) made of 42CrMo4
quenched and tempered steel at R= —1 and R= 0, it is
obtained that 75 = 1.26. For 18 specimens under alternating
bending with K, = 1.6 and 25 specimens under alternating
torsion with K, = 1.35, obtained range of dispersion is again
Ts= 1.26. From these measurements, it is obvious that
stress concentration lead to higher range of dispersion. This
value is additionally also recommended for steel in /68/.
Therefore, range of dispersion is set as 7g= 1.26. It is
interesting to compare the range of dispersion distribution
under normal stresses for stress relieved welded joints of
Ts=155forR=04, Ts=1.42 for R= 0, and Tg= 1.44 for
R= -1, /76/. From results published in /77/ for welded

(15)

(16)

STRUCTURAL INTEGRITY AND LIFE
Vol. 14, No 2 (2014), pp. 93—-109



Fatigue damage assessment of bolted joint under different preload ...

Procena zamornog ostecenja vij¢anog spoja pod dejstvom ...

joints of high-strength steels under axial and bending
constant amplitude loadings, obtained range of dispersion is
Ts= 1.50. For laser beam welded thin-sheet steels and
aluminium alloys (= 1-2 mm), results are 7s= 1.30 and
Ts=1.36, respectively, after Eibl et al. /78, 79/.

The fatigue strength of a bolted joint depends on the
notch effect which contains both stress concentration and
strength reduction by notches. High stress gradients result-
ing from stress concentrations in thread roots by bending of
the bolt and thread flanks cause the material surface to be
supported with micro support effect, which results in higher
surface fatigue strength, /54/. Gradient support effect is
determined with the relative stress gradient (y’). Further-
more, support effects are evaluated with the FemFat method
/59/. According to this method, the ratio of cyclic tensile/
compressive strength to the bending fatigue strength can be
used to calculate the support factor #:

(UA,b/UA,tsc)_l W
(2/b)°
where oy, is the material alternating stress limit for bend-
ing and oy ;. the material alternating stress limit for tension/
compression. The material parameter v takes into consid-
eration the nonproportional increase in the support effect
with regard to the relative stress gradient. For steel, v= 0.3
/59/. Specimen thickness is b. Factor fgr. is the stress
gradient factor influencing the fatigue limit. The influence

of the ' on the slope k¢gr of the local component S-N
curve is calculated with the following equations:

n=fora =1+ a7

1.8 42,
onag =122 (18)
fGR,af
(ky, —IFK?2)
kC,GR =M—1FK3+]FK2 (19)
GRsf

where fggr, is the stress gradient influence factor affecting
the slope of the local component S-N curve; k¢ gz is the
slope of the local component S-N curve as a result from the
gradient influence, k), is the slope of the material S-N curve
at R= -1, IFK2 is the slope exponent of the specimen
fracture S-N curve, IFK3 is the material class dependent
exponent (for the steel, [IFK2 = 3 and IFK3 = 2, /59/).

RESULTS

Fatigue damage assessments are carried out for follow-
ing survival probabilities Ps: 50%, 97.5%, 99%, 99.9%,
99.99%, 99.999%, 99.9999%, 99.99999%, and 99.999999%
for 4 numerical models. Stress distributions for model 1 are
shown in Fig. 7. Detailed views on threaded region with
section cut in xy plane clearly shows Max principal, Min
principal, shear 7,,, and Tresca stress distribution after
tightening with 50% of F,, and variable amplitude load-
ings. Stresses are shown for step with maximal eccentric
tensile forces. The deformation scale in figures is set to 10.
Maximal values of all shown stresses are on the first
engaged thread root. High stress values are present in the
model due to the liner-elastic material definition, which
lead to the usage of Neuber-hyperbola for achieving realis-
tic elastic-plastic behaviour.
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The fatigue damage distribution in the thread roots
reveals that the first 3 thread roots have the highest damage,
whereas the first engaged thread has maximal damage, as
can be observed from Fig. 8a and b. The results are shown
for model 2 (with 70% of Fy,) for Ps=99.9999%. Further-
more, stress amplitudes are shown in Fig. 8¢ and d. The
results show that maximal stress amplitude of oy = 93 MPa
is obtained at the first engaged thread root.

It is a well known fact that, at thread roots, very high
stress concentrations occur and under preload force signifi-
cant mean stresses are introduced in roots. These high mean
stresses are introduced in thread roots due to preload force
and together with the stress amplitudes under dynamic
loadings govern the fatigue performance.

The fatigue damage assessments for all 4 models and for
all survival probabilities are shown in the following tables.
Tables show fatigue damage and fatigue limit for model 1
(with 50% of Fj,), model 2 (with 70% of Fj,), model 3
(with 90% of Fj,), and model 4 (with 0% of F|,), respec-
tively. The results are shown for most critical node in first
engaged thread root where highest damage is obtained.
Model 1 has a highest damage of D = 2.53E-06 and fatigue
limit of op= 179 MPa for Pg= 99.999999%. Further
increase of bolt preload force Fp leads to a lower fatigue
damage. For instance, model 3 has a highest damage of D =
100.97E-09. However, with increase of Fp, fatigue limit is
decreased. On the other hand, with increase of Fp, maximal
stress amplitude decreases. For instance, model 1 with 50%
of F,,, which results with Fp= 27500N, has a o4=
232 MPa, whereas model 3 with Fp = 49500 N results with
oy = 58 MPa. Present results show that model 4 (without
the preload force) has the highest fatigue damage. Maximal
damages are in all cases always for Pg= 99.999999%, as
expected. One of the main and biggest challenges for
fatigue assessment is how to transfer the results from speci-
mens to components /60/. In this particular case of threaded
joint, the problem is how to transfer the results from smooth
circular specimen to the threaded region. Specimens have
alternating fatigue limit of op, = 495 MPa for tension/
compression (R = —1), for alternating bending op, = 525 MPa,
and for alternating shear 7, = 285 MPa, /58/. It is evident
that the calculated fatigue limit strongly depends on preload
force. Fatigue limit is highest for = 0 N with value of
op = 480 MPa. Lowest fatigue limit is calculated for Fp=
49500 N with value of op= 193 MPa. It is interesting to
observe the decrease of the fatigue limit from Ps= 50% to
99.999999%. Decrease of 76 MPa is calculated for Fp=
49500 N, whereas 191 MPa for Fp= 0 N. The diagram in
Fig. 9 makes it evident that o has a significant decrease for
lower failure probabilities. From this diagram, it can be eas-
ily seen that curves have a shape of Gaussian distribution.

The unit vectors of critical cutting plane for crack initia-
tion are shown in Fig. 10a, b and c. The unit normal vectors

of critical cutting plane i , / , and k are related to the axes
X, y, and z, respectively. As can be seen from these figures,
unit normal vector i = 0.9848, j = 0.1736, whereas k = 0.

These unit normal vectors are shown for the most critical
node in the first engaged thread root.
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S, Max. Principal S, Min. Principal 8,812 S, Tresca
(Avg: 75%) (Avg: 75%) {Avg: 75%)

Figure 7. Stress distribution in bolted joint under maximal tensile eccentric force for (a) Max principal, (b) Min principal, (c) shear z,,,
and (d) Tresca stress.
Slika 7. Raspodela napona u vijéanom spoju pod dejstvom maksimalne zatezne ekscentri¢ne sile za (a) glavne zatezne (b) glavne pritisne,
(c) smicajne 7, i (d) Treska napone
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Figure 8. Fatigue damage of model 2 (with 70% of F\ ;) for Ps=99.9999%. a) Distribution on bolt, b) distribution in first 3 thread roots,
c) stress amplitudes distribution, and d) stress amplitudes distribution in first 3 thread roots.
Slika 8. Zamorno oSte¢enje modela 2 (sa 70% od Fj,) za Ps= 99.9999%. a) Raspodela na vijku, b) raspodela u prva 3 korena navoja,
¢) raspodela amplituda napona, i d) raspodela amplituda napona u prva 3 korena navoja

Table 2. Model 1 fatigue damage and fatigue strength in
dependence of survival probability.
Tabela 2. Zamorno o$tecenje i dinamicka izdrzljivost modela 1 u
zavisnosti od verovatnocée prezivljavanja

Ps[%] | D[] |op[MPa]
50 312.16E-09| 298
97.5 |779.38E-09| 249
99 924.72E-09| 241

Table 3. Model 2 fatigue damage and fatigue strength in
dependence of survival probability.
Tabela 3. Zamorno oStecenje i dinamicka izdrzljivost modela 2 u
zavisnosti od verovatnoce prezivljavanja

Ps [%] D[] |op[MPa]
50 [ 12.76E-09 | 228
97.5 |31.79E-09| 191

99.9 | 125606 | 225 99999 ggg'gg ig;
99.99 | 1.49E-06 | 213 : 8-

99.999 | 1.73E-06 | 203 9999'99999 ;;;;ggg igg
99.9999 | 1.98E-06 | 194 : ITE-

9999999 | 2.25E-06 186 99.9999 [116.72E-09] 149
99.999999] 2 53E-06 179 99.99999 |143.66E-09| 143
- - 99.999999|174.51E-09] 138
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Table 4. Model 3 fatigue damage and fatigue strength in
dependence of survival probability.
Tabela 4. Zamorno oStecenje i dinamicka izdrzljivost modela 3 u
zavisnosti od verovatnoce prezivljavanja

Ps [%] D[] |op[MPa]
50 7.41E-09 193
97.5 18.43E-09 162
99 21.86E-09 157
99.9 31.18E-09 146
99.99 | 41.77E-09 138
99.999 | 53.84E-09 132
99.9999 | 67.57E-09 126
99.99999 | 83.14E-09 121
99.999999(100.97E-09] 117

Table 5. Model 4 fatigue damage and fatigue strength in
dependence of survival probability
Tabela 5. Zamorno oStecenje i dinamicka izdrzljivost modela 4 u
zavisnosti od verovatnoce prezivljavanja

Ps[%] | DI[-] |op[MPa]
50 14.29E-06| 480
97.5 |24.45E-06| 402
99 27.03E-06] 389
99.9 [33.33E-06] 363
99.99 | 39.6E-06 | 343
99.999 |45.99E-06| 327
99.9999 |52.59E-06| 313
99.99999 [59.43E-06| 300
99.999999166.64E-06] 289

The S-N curve at thread root has a modification from
basic material in slope from k= 12 at N, = 2:10° cycles to
k=3.1at Np=4.06-10° cycles. The thread root transition in
slope is from k= 3.1 to k’= 5.2 at Nj = 4.06:10° cycles for
cumulative damage calculation, as shown in Fig. 11. R1
position indicates the thread root, F1 indicates right thread
flank position which is on tensile side, whereas F2 indicates
the left thread flank which is on the compression side due to
the contact with nut thread flank. As can be seen in Fig. 11
for F1 and F2, local S-N curve slopes are k= 5.2 and k=4,
respectively. However, at bolt shank, the S-N curve has a
transition in slope fromk=9.4to k’=17.8 at Np = 1.76-10°
cycles, as shown in Fig. 12. Steeper slopes at thread roots

a
Stross Ampl |
MPa

are caused with the high stress gradients and mean stress,
whereas at bolt shank the stress gradients are very small
which result with shallower slope. The slope at bolt shank
is shallower due to the influence from mean stresses only.

—a—27500 N —+—38500 N =+ 49500 N

250

230

150

130

110
0,E+00

2,E-01

4.E-01
P[]
Figure 9. Fatigue strength in dependence of failure probability P,
for models with 50%, 70%, and 90% of F,.
Slika 9. Dinamicka izdrzljivost u zavisnosti od verovatnoce otkaza
Prza modele sa 50%, 70%, i 90% od Fy,

6,E-01 8.E-01 1LE+00

The stress gradient influence on slope of the local S-N
curve (fgrs) and mean stress influence (f,y) are evaluated
to investigate the dominant influence on S-N curve slope at
first engaged thread root. Results are shown in Table 6.
Influence of stress gradients on S-N curve slope is slightly
decreased for higher preloads. From fgr = 22.4 at preload
force of Fp= 27500 N, to forey= 21.1 at preload force of
Fp=49500 N. However, on the other hand, the mean stress
influence on local S-N curve slope has increased due to
higher preload forces. From f,y= 1.8 at Fip = 27500 N, to
Jomsr=3.4 at Fp=49500 N.

Influence of stress gradients () on S-N curve slope at
first engaged thread root is shown in Table 7. With y influ-
ence slope is £ = 3.1, whereas without y influence k= 11.1
for first 3 models with preload forces. The model 4 with y
influence result in slope of k= 3, whereas without y influ-
ence k= 11. The S-N curve slope for bolt shank is k= 9.4
and k = 10.9 without stress gradient influence.

. First engaged

_thread

.-
i= 0.9848

Figure 10. Unit normal vectors of critical cutting plane for crack initiation: a) top view of first engaged thread root, b) and c) section view.
Slika 10. Jedini¢ni normalni vektori kriti¢ne ravni za inicijaciju prsline: a) pogled odozgo prvog korena u zahvatu, b) i ¢) poprecni presek
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Figure 11. Local S-N curves for thread root and thread flanks.
Slika 11. Lokalne S-N krive za koren navoja i bokove navoja
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Figure 12. Local S-N curve for bolt shank.
Slika 12. Lokalna S-N kriva za telo vijka
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Table 6. Stress gradient (fgz o) and mean stress (f,5) influence on
local S-N curve slope at first engaged thread root.
Tabela 6. Uticaji gradijenata napona (fgz ) i srednjih napona (f,)
na nagib lokalne S-N krive u prvom korenu navoja u zahvatu

Fp[N] Jorsr Jorssr
27500 22.4 1.8
38500 21.8 2.7
49500 21.1 34
0 22.8 1.0

Table 7. Influence of stress gradients on S-N curve slope at first
engaged thread root.
Tabela 7. Uticaji gradijenata napona na nagib lokalne S-N krive u
prvom korenu navoja u zahvatu

Fp[N] k-] k-]
with y influence|without y influence
27500 3.1 11.1
38500 3.1 11.1
49500 3.1 11.1
0 3.0 11

As can be seen from results, with increase of survival
probability the fatigue strength is significantly decreased,
especially for very high reliability. One of the most im-
portant influence on fatigue damage of bolted joint is stress
gradient which has led to much steeper local S-N curves.

DISCUSSION

These results, based on FE and fatigue damage analyses
with stress based critical plane approach, have shown that
the most critical fatigue point is at the first engaged thread
root, which matches results from literature /8, 21, 80-85/.

Furthermore, the results are in accordance with experi-
mental results for the S-N curve slope and knee point. This
investigation shows that on the most critical thread root
position, the obtained slope is £ = 3.1 and number of cycles
Np= 4.06:10°. A comprehensive literature overview for
steels according to Hiick et al. /86/, shows the average
decrease in the slope of k= 12.5 for K,= 1 on k=4 for K, =
8. The number of cycles in the knee point of the S-N curve
was shifted from Nj = 2-10° to Np = 4-10° for k = 3. Mostly
for steel smooth specimen &k~ 15, whereas for a structure
with notches k= 5 and in the case that a sharp notch is
present, k= 3, /58/. For welded joints in general, k = 3—4. In
the case when the nominal stress method is used with
normal stress, the slope is k= 3.0. Slopes of k= 3 are
according to IIW recommendations, /87/. As valid for
welded joints regarding the S-N curve slope £, the similar
can be applied for bolted or threaded joints in general.
However, according to Sonsino /88/, the slope depends on
the loading mode (axial, bending, torsion, stress ratio), geo-
metry, stiffness, stress concentration and, in consequence,
on the ratio between crack propagation and total life. The
slope beyond the knee point results from linear regression
analyses and curve fitting. Moreover, in the case of welded
joints, the knee point additionally depends on the magni-
tude of residual stresses /89, 90/. In general, with an
increase of notch sharpness, the slope & becomes steeper
and the number of cycles at the fatigue limit Np decreases
in the S-N curve.
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Generally speaking, fatigue assessment is usually done
with nominal stress approach from Eurocode 3 /26/ or VDI
2230 /27/. Eurocode 3 provides a unique (rough) limit of
stress amplitude at 2-10° cycles equal to o, = 25 MPa. VDI
2230 applies to steel bolts (threads with 60° flank angle),
strength classes 8.8 to 12.9, and is recommended for bolt
diameters smaller than 40 mm. The load can consist of
static and/or dynamic axial loads, whereas bending moments
and transverse loads may occur. VDI 2230 recommends for
the most critical joints to verify calculation results with
experimental or numerical investigations. In the case of
Eurocode 3 the relevant S-N curve detail category 50 is not
verified for bolt diameters larger than 36 mm, /91/.

Fatigue strength for bolted joints is more conservative in
EC3 than in VDI 2230 /91/. According to VDI 2230, if
numbers of alternating cycles are Np = 2:10°, then for the
stress amplitude of the thread fatigue limit, which is rolled
before heat treatment or rolled after heat treatment, can be
calculated with the following equations, respectively.

0 45y =0.85(150/d +45) (20)

456 = (2= Fs | Fo 2min )T asv 2
where d is the diameter of the bolt, Fy,, is the average bolt
load, and F i 1s the bolt load at the minimum yield point.
The values for the fatigue limit are related to the stress
cross section Ag according to DIN 969 and ISO 3800, of
high-strength bolts according to DIN EN ISO 898-1 with
standard threads 6g/6H. Only Eq.(21) for fatigue limit of
thread which is rolled after heat treatment is preload
dependent.

Moreover, bolted joints can be assessed with DNV-RP-
C203, /92/. According to DNV-RP-C203, connections where
the pretensioned bolts are subjected to dynamic axial forces
should be designed with respect to fatigue, taking into
account the stress range in the bolts. Accordingly, fatigue
assessment in the HCF region is for bolts and threaded rods
in tension as well as bolts in single or double shear. DNV-
RP-C203 detail category for cold rolled threads with no
following heat treatment is F1, whereas for cut threads
detail category is W3. F1 and W3 correspond to the nota-
tion of 63 and 36, respectively in Eurocode 3 and IIW. It
can be seen that cut threads correspond to the worst case of
welded joint. According to DNV-RP-C203, stress response
from wave action shows typically 5-10° cycles.

Additionally, unfired pressure vessels standard BS EN
13445-3:2009 /93/ include bolted joints fatigue assessment.
Fatigue limit can be calculated as Aop/R,, = 0.0522 at 2:10°
cycles and is used for any thread form (machined, ground
or rolled) for failure probability of Py=0.1%.

Besides previously mentioned engineering fields of gen-
eral application, high pressure equipment and offshore
structures, safe design of bolted joints is additionally very
important in transportation and hoisting equipment, where
special safety regulations must be fulfilled. For instance,
according to the safety standards of the Nuclear Safety
Standards Commission (KTA) for the design of lifting
equipment in nuclear power plants /94/ the stress analysis
shall be performed with respect to the VDI 2230 guidelines
for bolted joints where the yield stress during tightening is
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limited to 70% and safety factor of 2.0 against the stress
amplitude of the endurance shall be satisfied.

Fatigue of threaded joints is different from general struc-
tural fatigue problems because of the various influence
factors and in-service conditions in a variety of industrial
applications. Fatigue assessment of bolted joints is a typical
fatigue problem with a multitude of parameters and influ-
encing factors which have an influence on bolted joint
fatigue strength. Fatigue damage results from the combined
effect of a large number of influence factors. Nominal
approaches do not take into account complex thread geome-
try with blunt notches, nonlinear contact interactions, and
cannot consider local stress-strain state at the thread root
which results without an accurate thread notch effect. For
the nominal approach, stress is really simple because it is
just the average stress in the bolt cross-section in an ideally
cylindrical bolt joint. To consider and describe local stress-
strain state in thread root with realistic notch effect, stress
gradients, remarkable mean stress introduced during tight-
ening, stress amplitudes, and damage accumulation can
only be estimated by the local method. Nevertheless,
fatigue assessment is a complex task due to the significant
number of uncertainties that are inherent to the fatigue
phenomenon /95-97/. Threaded joints have several peculiar-
ities that complicate fatigue damage assessments. This
statement, however, holds true at least as far as an attempt
is made to take all the details and influence factors into
account for fatigue assessment. The number of influencing
parameters is large, but can be summarized for the local
approach. The main difficulties encountered in threaded
joint fatigue damage assessment are due to uncertainties in
accurately defining the following:

1. material monotonic/cyclic properties, local S-N curve,
and Haigh diagram,

2. production aspects (surface quality, residual stresses,
hardness, etc.),

3. thread profile geometry and tolerances,

4. uncertainties regarding the coefficient of friction,

5. uncertainties in the scatter of preload force and dynamic
loads spectra,

6. uncertainties in the Palmgren-Miner damage summation
rule, and

7. in environmental influences.

Mechanical properties can be quite different throughout
the threaded joint due to production and surface treatments.
The thread profile geometry within appropriate tolerance
class may vary in reality since many dimensional parame-
ters exist (pitch, major and minor diameter, height of thread
profile, root radius, etc., and their relationship).

All these parameters are usually very small and include
complex thread details like thread root radius with blunt
notches and thread flanks which on the other hand have
nonlinear contact interactions. Thread blunt notches with
small root radius and application of coarse or fine threads
which have different root radius results with different
fatigue response. Thread flank contact surfaces experience
slippage and they are subjected to contact forces due to
pressure and friction which result in thread bending. This in
turn results with high stress concentrations and stress gradi-
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ents in thread roots. Only the local approach has a potential
with sensitivity analysis to improve fatigue behaviour of the
particular structure. Nominal approach without detailed
geometry of thread roots and influence factors cannot give
answers related to details where fatigue cracks initiate.
Furthermore, high strength steels provide higher fatigue
strength, but they are significantly more notch sensitive. In
this case, thread notches are more detrimental than in low
strength steels. Scatter of the preload force depends on the
tightening approach which in some cases has a high scatter
(e. g., tightening with impact wrench or impact wrench with
momentum control up to £60%, torque-controlled tighten-
ing up to +43%, yield-controlled tightening up to +17%,
elongation-controlled tightening with ultrasound +10%).
Hydraulic tensioners have significantly lower scatter which
is usually from £5% up to £10%. Hydraulic tensioners are
commercially available for a variety of engineering applica-
tions as wind turbines, pump heads, engine cylinder heads,
foundation bolt connections, etc. In addition, special appli-
cations as subsea tensioners are also available. Highest
accuracy of +1% can be achieved with the usage of strain
gauges. Special nuts are also developed, as for instance, a
hydraulic nut which is an internally threaded annular jack.
All these uncertainties are directly related to the threaded
joint reliability and safety. Threaded joint integrity is the
key basis of safe and leak-free operations and tightening is
one of the key factors related to the bolted joint integrity.
For many applications, stress history due to dynamic load-
ings can only be made with approximate estimations. For
some fields of application, standardised load histories are
given by a regulation or code. For instance, WASH for
offshore structures (structural members of oil platforms),
WISPER for wind turbines, WAWESTA for drive train
components, Gaussian load distributions with narrow-band,
medium-band, and wide-band random sequence, and many
others. Statistical data for fatigue and cyclic properties is
mostly coming from laboratory experimental investigations,
not from real in-service conditions. This is very important
for environment conditions. These all peculiarities change
over time. The first microcrack growth is a surface phe-
nomenon where a various number of influences are present.
Surface roughness, surface treatments and layers are of
particular significance and influence on crack initiation
phase since fatigue cracks initiate on the surface. These
surface conditions have no particular influence on crack
growth because crack growth is a matter of material bulk
properties, /98/. According to Schijve /98/, material and
surface finishing effects on scatter/range of dispersion are
similar on both specimen and real structures. The failure
initiates always at the surface (also at a very high number of
cycles), which is caused by high stress concentration in the
thread root. The crack initiation site for smooth specimens
at a higher number of cycles (approximately N> 7-10°) is
always below the surface at a distance between several
10 um to 1 mm, /81/. The number of influence factors
significantly increases when the approach is switched from
nominal to local approach. This in turn requires excessive
detailed modelling and knowledge of a variety of influence
factors.
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The fatigue damage D theoretically equals 1.0 at fatigue
failure. However, in reality and engineering practice due to
the uncertainties related to the proportional and non-propor-
tional loadings, stress multiaxiality, fabrication, and other
errors, the value of D is usually less than 1. About 90% of
all experimental results are below 1, /99/. According to
FKM-Guidelines /58/, the critical damage sum for non-
welded steel components is Dy, = 0.3.

The discussion above shows that generally, the standard
nominal approach can be used as a first guideline for
dimensioning, from which further design improvement
based on local approaches may originate. The potential of
the local approach lies in the fact that only local approach
takes into account the influence factors and detailed geom-
etry which have a decisive influence on the fatigue behav-
iour and lifetime.

The safety margin and the influence of each influence
factor on structural reliability are significantly valuable
knowledge for structural integrity. Expensive interventions
and the demand for higher safety and environmental protec-
tion have increased the need for higher reliability of bolted
joints, /3/.

Determination of the fatigue limit of threads is relevant
for considering the risk of fatigue crack initiation in in-
service structures, especially for large structures with
complex loading which must accomplish a high reliability
of structural integrity.

If regular in-service monitoring is not specified, the
survival probability must be high, /87/. High uncertainties
are associated with fatigue damage assessment. These high
uncertainties associated with fatigue damage imply that in-
service inspection for fatigue cracks will be required during
life depending on the consequence of a fatigue failure and
estimated fatigue damage/life. Certain reliability depends
on the consequence and nature of failure. Uncertainty
modelling for target reliability level in offshore is according
to /100/, with a value of failure probability P,= 107° for a
serious consequence when the class of failure has no
warning before the occurrence of failure.

According to DNV-RP-C-203, /92/: if the consequence
of a fatigue crack is substantial the accumulated probability
of fatigue failure should be less than 10" and an inspection
would be required after 2 years. After a first inspection the
time interval to the next inspection can be estimated based
on fracture mechanics and probabilistic analysis taking into
account the uncertainty in the inspection method.

According to DNV-OS-C101, /101/, design fatigue
factors (DFF) shall be applied to reduce fatigue failure
probability (P)). These factors are dependent on the signifi-
cance of structural components with respect to structural
integrity and availability for inspection and repair. DFF has
a maximum value of 3 for non-accessible areas, areas not
planned to be accessible for inspection and repair during
operation. For instance, welds beneath positions 150 m
below water level and splash zone should be assumed inac-
cessible for in-service inspection. Units intended to follow
normal inspection schedule according to class requirements,
i.e. the S-year inspection interval in sheltered waters or
drydock, may apply a Design Fatigue Factor (DFF) of 1.
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According to DNV-0S-C101, the S-N curves shall be based
on a survival probability of Pg= 97.6%, corresponding to
the mean minus-two-standard-deviation curves of relevant
experimental data. [IW-Recommendations /87/ require that
the prerequisites for allowable stress ranges for welded
joints must be derived for Py = 97.7%. The allowable equiv-
alent stress ranges for Py= 97.7% are derived based on
Gaussian log-normal distribution with a scatter of 75 = 1.50
for welded joints. Therefore, fatigue strength properties are
usually given with +1 up to 3 standard deviations. From
engineering standards, the accepted survival probability or
failure probability depends on the consequences of failure
with target reliability levels.

These values of fatigue limits in thread roots also need to
be determined based on experiments. However, experi-
ments are extremely hard to apply on thread roots due to
very small dimensions. For instance, thread root radius on
used bolt M10 with normal threads is only »= 0.217 mm.
Therefore, from authors’ knowledge, all experiments on
bolted joints are done with nominal approach, with stresses
in bolt stress cross section.

It is the authors’ opinion that threaded joints have a large
number of significant influence factors and peculiarities
affecting the fatigue behaviour and fatigue damage, and
trying to predict damage with high accuracy on a single
numerical model is quite hard. Moreover, a lack of infor-
mation in service is always present. But, this study shows
how tightening forces and survival probability influence the
fatigue damage, which gives useful information for engi-
neering practice. The target of fatigue damage analysis
should be to ensure that the probability of fatigue failure
and consequences of this failure be in the safety range for
risk and economic significance.

Furthermore, it is the authors’ opinion that with the
acceptance of all uncertainties related to fatigue, statistics
and probability should be applied for threaded joint integ-
rity. Concentration on influence factors which have the
highest influence and are also decisive is the most im-
portant basis for the reliable application of local approach.

Conclusively, fatigue damage and structural integrity of
bolted joints can be determined only with certain probabil-
ity of survival or failure. Due to the significant survival
probability influence on fatigue damage, in-service inspec-
tion for fatigue cracks will be required during life depend-
ing on the consequence of a fatigue failure and estimated
fatigue damage, because connection between assessment of
fatigue damage and in-service inspection is mandatory.

CONCLUSIONS

The most important conclusion to be drawn here is that
fatigue damage and the fatigue limit for a specific number
of cycles can be determined only with certain probability of
survival or failure. Nevertheless, under the parameters of
FE and fatigue damage analyses with influence factors,
statistics, and probability in this study, the following con-
clusions are drawn concerning the fatigue in dependence of
survival probability:

- increase of bolt preload force up to 90% of Fj, results
with lower fatigue damage, whereas the fatigue limit
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decreases. On the other hand, with increase of preload
force, maximal stress amplitude decreases. It has a bene-
ficial effect on fatigue damage. The model without
preload force has the highest fatigue damage, whereas the
model with 90% of F,, has minimal fatigue damage,

- fatigue strength has a significant decrease for lower fail-
ure probabilities and therefore, statistics and probability
have a very significant influence on fatigue damage and
fatigue strength,

- Steeper slopes at thread root with k= 3.1 are caused by
high stress gradients and mean stresses, whereas at bolt
shank the stress gradients are very small which results in
shallower slope of k= 9.4. Thread flanks on compressive
side have slope of k= 4, whereas on the tensile side the
slope is k= 5.2. In general, with an increase of the notch
sharpness, the slope k& becomes steeper and the number of
cycles at the fatigue limit N decreases in the S-N curve,

« Nominal approach can be used as a first guideline for
dimensioning, from which further design improvement
based on local approaches may originate. The number of
influence factors significantly increases when the approach
is switched from nominal to local approach,

+ Determined fatigue damage and/or fatigue life should
form the basis for efficient and safe in-service inspection
time intervals as well as inspection during manufacture.
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