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In this study, an approach based on continuum damage mechanics is applied to the fatigue life prediction
and to analysing the influence of various factor on scarf bolted joints used in an aircraft fuselage. First, the
damage-coupled elastic-plastic constitutive equations and fatigue damage evolution equations are pre-
sented, and the corresponding numerical calculation algorithm is established using the ABAQUS platform.
Then, the proposed fatigue damage model is validated by a group of fatigue tests on scarf joints.
Subsequently, the aforementioned approach is applied to the influencing factor analysis of scarf bolted
joints. The effects of the scarf angle, the surface friction and the clamping force are investigated in detail.
In addition, the sensitivity of the fatigue life with respect to the scarf angle, surface friction and clamping
force is evaluated. The effect mechanisms of these factors are revealed clearly, and the influencing trends
are presented quantitatively, which has important practical significance for the design of scarf joints.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In engineering applications, bolted joints are widely used to
connect two components together to form an integrated structure.
Because of their high reliability, being simple to manufacture and
assemble and being easy to disassemble, bolted joints have become
one of the most common connection types in aircraft structures
[1]. Furthermore, the fatigue behaviour of bolted joints has
attracted a number of concerns. These concerns are based on two
reasons. According to statistics, the fatigue failure of the bolt hole
is one of the most common failure patterns in aircraft structures
[2,3]. Conversely, it is difficult to accurately evaluate the fatigue
properties of joints due to the complexity of the stress state around
the bolt hole and the numerous influencing factors, such as the
local stress concentration around the hole [4,5], the manufacturing
process, the strengthening technology, the clamping force and the
surface friction [6,7].

In recent years, a number of studies have been conducted to
analyse the fatigue failure around the bolt holes of joints, and
many achievements have been reached. Ralph et al. [8] and Liu
et al. [9] studied the effect of the manufacturing process of the hole
on the fatigue performance of the joints, and the result showed
that the fatigue lives are strongly dependent on the quality of the
surface finish. Based on the fatigue experiments of joints, Chakher-
lou [10,11] studied the effect of the magnitude of the interference
and the clamping force on the fatigue life, and the results showed
that the interference fit can increase the fatigue life and for a given
cyclic longitudinal load, at the beginning stage, the increase of the
bolt clamping force improves the fatigue life of the bolted joints,
however, the further increase of the bolt clamping force could
result in an opposite effect by decreasing the fatigue life of joints
due to appearance of the fretting. The research of Lacarac et al.
[12] showed that cold extrusion strengthening can effectively pre-
vent crack initiation at a high stress area and can improve the fati-
gue life of joints. Sun [13,14] investigated the effect of interference,
cold expansion, the clamping force and the failure mode on the
fatigue properties of bolted joints using a damage mechanics based
approach.

Scarf bolted joints, as a typical joint, the weight of which is
lighter than that of general lap bolted joints because the two plates
are directly connected by bolts instead of being connected using
laps. Scarf bolted joints can prolonging the fatigue life of joints
by averaging the load bearing ratio of every bolt. However, studies
of scarf bolted joints are scarce. Yuan et al. [15] conducted an
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experimental and analytical investigation of the fatigue and frac-
ture behaviours of scarfed lap riveted joints. However, they did
not discuss the impact of the scarf angle, surface friction and
clamping force on the fatigue performance of the scarf bolted
joints. Therefore, the aim of this study was to investigate the influ-
ences of these factors and to evaluate the sensitivity of the fatigue
life to these factors.

An appropriate approach to the fatigue life prediction of scarf
joints is crucial. In recent decades, some methods have been pro-
posed to predict the fatigue life of bolted joints. The local stress
strain method [16,17] is a widely used method, which is based
on the local stress strain history and the material fatigue character-
istic curve considering the effect of plastic deformation of the
materials. The stress severity factor (SSF) [18,19] method uses
the concept of the SSF to account for the effects of localized stress
concentrations or discontinuities in the structural geometry. The
Smith–Watson–Topper (SWT) [20,21] method, which is an effec-
tive criterion in plain fatigue problems and searches for the maxi-
mum fatigue parameter over a number of planes, can also be
adopted to predict fatigue life of bolted joints. However, the results
based on these methods essentially depend on the initial stress and
the strain field. Actually, the local stress and strain fields are
affected by the clamping force, friction coefficient, remote stress
and geometry features. Meanwhile, the fields keep changing as
the number of cyclic loading increases. Thus, these methods can’t
investigate the effects of the factors, such as the clamping force,
friction coefficient, remote stress, and geometry features in detail,
because they do not have the ability to describe the fatigue damage
process of the joints before failure. An approach based on contin-
uum damage mechanics (CDM) can describe the evolution of the
fatigue damage continuously by introducing a damage variables
to represent the damage state of materials and by constructing a
damage evolution equation to reflect the developing law of dam-
age [22]. Based on the theory of thermodynamics, damage evolu-
tion laws combined with damage-coupled elasto-plastic or visco-
plastic constitutive models can be derived to model the damage
evolution of ductile, fatigue, creep and creep-fatigue, etc. [23]. As
the CDM provides a new method for describing the damage evolu-
tion in the material, it has been widely used in practical engineer-
ing applications [24–26].

In this study, a CDM based method is proposed to predict the
fatigue life of a scarf bolted joint. First, a damage-coupled elastic-
plastic constitutive model is adopted to represent the material
behaviour, and Lemaitre’s elastic and plastic damage evolution
equations are applied to calculate damage accumulation. Second,
the corresponding damage mechanics, and a finite element numer-
ical simulation is implemented in the ABAQUS platform using a
user material subroutine (UMAT) in which the coupling calculation
of the stress field and damage field is taken into account. Third, the
aforementioned method is applied to predict a real scarf bolted
joint of an aircraft fuselage as an engineering application. Further-
more, fatigue experiments of the scarf bolted joints are conducted
to validate the performance of the proposed approach. Finally, the
effects of three types of factors including the scarf angle, the sur-
face friction between the scarf plates, and the clamping force of
bolt are investigated. In addition, the sensitivity of the fatigue life
with respect to the scarf angle, surface friction and clamping force
is also evaluated.
2. Theoretical models

The CDM based method is used to predict the crack initiation
life of the components, which includes two types of theoretical
models: the damage-coupled elastic-plastic constitutive model
and the fatigue damage evolution model.
2.1. Damage-coupled elastic-plastic constitutive model

In essence, the damage of metal materials is the generation and
growth of micro-voids or micro-cracks within the material. The
deterioration of the material can be represented by the damage
variable in the framework of continuum damage mechanics.
Lemaitre and Chaboche [27] presented some fundamental con-
cepts related to continuum damage mechanics. In engineering,
the mechanics of a continuous media can be described by a repre-
sentative volume element (RVE) in which all properties are repre-
sented by homogenized variables. For isotropic materials, the
damage variable D is used to represent the stiffness deterioration
of the RVE and is expressed by

D ¼ E� ED

E
ð1Þ

where E is the Young’s modulus of material and ED is the effective
Young’s modulus of the RVE with damage. As ED ranges from E to
0, D varies between 0 and 1.

For the cases of small deformations, total strain eij can be
decomposed as

eij ¼ eeij þ epij ð2Þ

where eeij and epij are elastic strain and plastic strain, respectively. In
the damage-coupled constitutive model, damage is coupled with
elasticity and plasticity using the effective stress instead of the
stress in the elasticity law and the von Mises yield criterion based
on the hypothesis of the strain equivalent [23]. The elastic strain
takes the form

eeij ¼
1þ t
E

rij

1� D

� �
� t
E

rkkdij
1� D

� �
ð3Þ

where E, v and rij are the Young’s modulus, the Poisson’s ratio and
the stress components, respectively. The evolution of the plastic
strain is defined as

_ep ¼ _k
@f
@rij

ð4Þ

where _k is the plastic multiplier. The nonlinear kinematic hardening
model proposed by Chaboche [28] is used to represent the kine-
matic hardening behaviour. The von Mises yield function f with
damage is expressed as

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
2

Sij
1� D

� aij

� �
Sij

1� D
� aij

� �s
� Q where aij ¼

XM
k¼1

aðkÞ
ij

ð5Þ

where Sij is the deviatoric part of the stress, and aij is the deviatoric
part of the back stress. Q is the radius of the yield surface, and its
evolution is defined as

_Q ¼ _kbðQ1 � QÞ ð6Þ
where parameters b and Q1 are material constants. _k can be deter-

mined by the plastic flow consistency condition: f ¼ _f ¼ 0. The evo-
lution of the plastic strain components [29] can be obtained as

_ep ¼ 3
2

_k
1� D

Sij=ð1� DÞ � aij

ðSij=ð1� DÞ � aijÞeq
ð7Þ

_p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
_epij _e

p
ij

r
¼

_k
1� D

ð8Þ
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_aðkÞ
ij ¼ ð1� DÞ 2

3
Ck _epij � cka

ðkÞ
ij

_p
� �

ð9Þ

where _p is the accumulated plastic strain rate. Ck and ck are material
constants that can be determined from experimental tests.
2.2. Fatigue damage evolution model

Plastic deformations may occur in the local area around the
notch due to stress concentrations. Therefore, two fatigue damage
models are used to calculate the elastic damage and plastic dam-
age. According to the analysis by Kang et al. [30], the total material
damage can be decomposed into two parts: the elastic damage and
the plastic damage. The elastic damage is dependent on the state of
the cyclic stress and the plastic damage is governed by the accu-
mulated plastic strain over each fatigue cycle. The damage evolu-
tion rate _D can be obtained by

_D ¼ _De þ _Dp ð10Þ
It should be noted that, in Eq. (10), three forms are typically

adopted according to three cases. For the first case, the total dam-
age of the material involves only the elastic damage part given just
elastic deformation occurs in the material. For the second case, the
total material damage involves only the plastic damage part given
the plastic deformation is obvious, and the elastic deformation is
relatively so small such that it can be neglected approximately.
In the last case, the total damage must be written in the form of
Eq. (10) because the elastic damage is almost equivalent to the
plastic damage in this scenario. The first two cases will be used
for the calibration of damage parameters. The details are presented
in the following sections.
Fig. 1. Stress-strain curve for the 2024-T351 aluminium alloy.

Table 1
Chemical composition of 2024-T351 (wt%).

Si Fe Cu Mn

0.5 0.5 4.9 0.9

Table 2
Static mechanical and material parameters.

E (MPa) m ry (MPa) C1 (M

73,000 0.3 385 9250
For multiaxial cyclic loading, the elastic damage evolution
equation [31,32] of the non-linear continuum damage model can
be written as

_De ¼ dDe

dN
¼ 1� ð1� DÞbþ1
h ia

� AII

M0ð1� 3b2rH;mÞð1� DÞ
� �b

ð11Þ

where N is the number of cycles until failure, and a, b, M0 and b2 are
material constants that are determined by fatigue tests, which are
explained later on in Section 2.3.2. AII is the amplitude of the octa-
hedral shear stress defined by

AII ¼ 1
2

3
2
ðSij;max � Sij;min Þ � ðSij;max � Sij;min Þ

� �1=2
ð12Þ

where Sij;max and Sij;min are the maximum and the minimum values
of the deviatoric stress tensor ij components during one loading
cycle. rH;m is the mean hydrostatic stress defined by

rH;m ¼ 1
6
½maxðtrðrÞÞ þminðtrðrÞÞ� ð13Þ

where trðrÞ ¼ r11 þ r22 þ r33.
The parameter a is defined by

a ¼ 1� a
AII � A�

II

ru � re;max

	 

ð14Þ

where re;max is the maximum equivalent stress over a loading
cycle. The Sines fatigue limit criterion A�

II in this model is formulated
by

A�
II ¼ rl0ð1� 3b1rH;mÞ ð15Þ
The plastic damage evolution equation can be written as

_Dp ¼
r2

eqRm

2ESð1� DÞ2
 !s

_p ð16Þ

where req is the equivalent stress, and _p is the rate of accumulated
plastic strain. S and s are material parameters. Rm is the triaxiality

function Rm ¼ 2
3 ð1þ lÞ þ 3ð1� 2lÞ rH

req

� �2
, and rH is the hydrostatic

stress.
2.3. Material parameter calibration

The material 2024-T351 aluminium alloy was studied in this
paper. According to the experimental data from the uniaxial ten-
sile, low-cycle and high-cycle fatigue tests, two groups of material
parameters need to be calibrated: (i) the material parameters in
the elastic–plastic constitutive model and (ii) the material param-
eters in the elastic–plastic damage evolution model. The calibra-
tion method is briefly introduced here.
Mg Ti Zn Al

1.8 0.15 0.25 Base

Pa) C2 (MPa) c1 c2

5360 375 34



Table 3
Material parameters in the elastic-plastic damage model.

Parameters in the elastic damage model Parameters in the plastic
damage model

b M0 b1 b2 a S (MPa) m

2.15 49,978 0.0007 0.00001 0.75 4.3 3.9
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2.3.1. Material parameter calibration in the damage-coupled elastic–
plastic constitutive model

According to the uniaxial tensile test, the stress-strain curve can
be obtained as shown in Fig. 1, and then, the parameters in the con-
stitutive equations are determined. In this study, the isotropic
hardening was neglected, and two components of the back stress
were enough to represent the nonlinear kinematic hardening beha-
viour, which can be expressed as an exponential saturation equa-
tion as follows

r ¼ ry þ
X2
k¼1

Ck

ck
ð1� e�ckep Þ ð17Þ

where ry and ep are the initial yield stress and the plastic strain,
respectively. The least squares method was used to calibrate
parameters. The chemical composition of 2024-T351 is presented
in Table 1, and the calibrated parameters are presented in Table 2.

2.3.2. Material parameter calibration in the elastic-plastic damage
evolution model

For the case where only of elastic damage occurred, by integrat-
ing Eq. (11) from D ¼ D0 to D ¼ 1 under the cyclic loading with
constant amplitude, where D0 is the initial damage and is set to
be zero in general, the number of cycles to failure NF can be
obtained as

NF ¼ f1�½1�ð1�D0Þbþ1�1�ag
1þb

� 1
aM�b

0

hru �re;;max i
hAII �A�

IIi
� AII

1�b2rH;m

� ��b

ð18Þ
Fig. 3. Geometry of

Fig. 2. The scarf bolted joint.
There are five parameters, b, a, M0, b1 and b2 in the elastic damage
evolution equation. The four material parameters (b,
1=ðð1þ bÞaM�b

0 Þ, b1 and b2) can be determined from the fatigue
experimental data of smooth specimens. For the case of smooth
specimens under uniaxial fatigue loading, a closed form expression
of fatigue life can be derived: NF ¼ 1

1þb � 1
aM�b

0

hru�rmaxi
hrmax�rl0i � ðraÞ�b. There-

fore, parameters b and 1=ðð1þ bÞaM�b
0 Þ are readily identified from

the fatigue test data with R ¼ �1. Then, using the least squares
method, parameters b1 and b2 can be obtained from the fatigue tests
data at other stress ratios.

Finally, the independent parameters a and M0 were identified
numerically on the basis of the damage mechanics–finite element
method [33–35]. The fatigue experimental data of material 2024-
T351 were found in the literature [36]. The calibrated parameters
for the elastic damage evolution model are listed on the left side
of Table 3.

There are two parameters, m and S, in the plastic damage evo-
lution model that can be calibrated from the strain-controlled
low-cycle fatigue test data. According to the Coffin-Manson law,
the strain-life curve can be expressed as

Dep
2

¼ e0f ð2Nf Þc ð19Þ

where e0f and c are the material parameters. For the uniaxial case,
the number of cycles until failure can be obtained by integrating
Eq. (16) from D = 0 to D = 1

Nf ¼ 1
2ð2mþ 1ÞDep

2ES

ðrmaxÞ2
 !m

ð20Þ

Using the cyclic stress–strain curve described as

rmax ¼ K 0 Dep
2

� �n0

ð21Þ

where K 0 and n0 are parameters obtained from experiments, Eq. (20)
can be expressed as

Nf ¼ 1
2ð2mþ 1Þ

21þ2n0ES

ðK 0Þ2
 !

ðDepÞ�ð1þ2mn0 Þ ð22Þ
the scarf plate.



Fig. 4. Schematic diagram of the assembly of the scarf bolted joints.

Table 4
Fatigue experimental results for the scarf bolted joints.

Specimen No. Fatigue life/cycle Specimen No. Fatigue life/cycle

1 85,605 7 267,472
2 160,003 8 567,472
3 290,671 9 146,765
4 146,657 10 365,371
5 144,512 11 267,925
6 145,635
Experimental mean life 235,280
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The values of e0f , c, K
0 and n0 are obtained from the low-cycle fatigue

tests data [37]. The parameters in the plastic damage evolution
model are listed in Table 3.
Fig. 6. The flowchart of the numerical calculation.
3. Fatigue life prediction for the scarf bolted joint

3.1. Fatigue experiments for the scarf bolted joint

The scarf bolted joint consisted of one pair of scarf plates and
four pairs of bolts, as shown in Fig. 2. The scarf plate was made
of 2024-T351 aluminium alloy, and the geometry is illustrated in
Fig. 3. The length was 288 mm, and the width was 54 mm. The
thickness of the clamping piece was 8.5 mm, and the minimum
thickness of the scarf plate was 2.5 mm; thus, the scarf angle
ascarf was approximately 1.65�. In the experiments, the contact sur-
faces of the plates were polished using sandpapers with different
grits (400, 600, 800, and 1000), to obtain a smooth surface. The
scarf plates were connected by the countersunk bolts, which were
made of TC18 titanium alloy. The diameter of bolt hole was 6 mm
and the diameter of the bolt was 5.88 mm. Thus, a clearance fit
existed between the bolt and hole. Meanwhile, the specimen was
always subjected to the tensile-tensile fatigue cyclic loading, so
the hole and the bolt keep contacting on the one side of the hole
surface during the experiments. The distance between two bolt
holes was 24 mm. The clamping force is 5 kN. In the experiments,
the bolts were applied tightening torque by using a Norbar torque
wrench. Generally, the assumption is acceptable that a certain
tightening torque can develop an identical clamping force for the
same type of joints. In some Refs. [7,11,38], studies have shown
that an almost perfectly linear relation exists between the tighten-
ing torque and the resulting clamping force. In the experiments, we
didn’t measure the clamping force, which was calculated according
Fig. 5. Fracture photogra
to an empirical equation [39,40]: Fcl ¼ Tcl
kcldbolt

, where Fcl is the initial

clamping force, Tcl is the torque, kcl is the torque factor and dbolt is
the bolt diameter. A schematic diagram of the assembly of the scarf
bolted joints is shown in Fig. 4.

Specimen fatigue experiments were carried out using the MTS
fatigue testing machine, and the frequency was 3.5 Hz. The maxi-
mum load was 35 kN. The maximum stress during a loading cycle
was 90 MPa and the stress ratio was 0.06. In the design of aircraft
structures, the statistical data scatter of the fatigue life due to the
sample size and reliability level must be considered. The 95% con-
fidence level for a fatigue life at a specified stress level was used,
which ensures that there was a 95% possibility of survival or relia-
bility. The experimental results are presented in Table 4. The frac-
ture photograph of the scarf plate is shown in Fig. 5. In the
experiment, the crack nucleation point was not determined
because it is difficult to observe the accurate crack initiation loca-
tions which are usually at the edge of bolt hole on the contact sur-
face of the scarf plates. However, it can be deduced from the crack
path that the crack nucleated from the edge of the hole and the site
was approximately of the angle of 90� relative to the tension load-
ing. In addition, according to the fatigue experimental results for
the scarf bolted joint, there were not obvious fretting marks on
the contacting surfaces which indicates that the relative move-
ment between the plates was not notable, thus we didn’t conduct
the calculation of fretting damage in the study.

3.2. Numerical algorithm

The user subroutine UMAT in ABAQUS was used to implement
the damage-coupled elastic–plastic constitutive model and the
damage evolution equations and to conduct the initiation life pre-
diction. The flowchart of the numerical calculation is illustrated in
Fig. 6, and the detailed steps are the following:
ph of the scarf plate.
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(1) Initialize all the parameters to be 0 and apply the clamping
force in the bolt.

(2) The cyclic stress and the accumulated plastic strain were cal-
culated using ABAQUS software under cyclic loading and
residual stress field. For the case of the elastic damage accu-
mulation, as it is time consuming to calculate the fatigue
damage cycle by cycle, the jump-in-cycles procedure
[41,42] was adopted in the numerical implementation,
which assumes that the cyclic stresses and the accumulated
plastic strain and damage increment remain unchanged for
each cycle during each block of DN cycles. Each block con-
sists of 200 cycles in this study. It is necessary to note that
the value of DN is determined to obtain a convergent fatigue
life. Generally, according to the literature [33,43], the value
of DN is applicable when it satisfies the condition of DN/
Nf � 0.01. However, for the case of elastic-plastic damage
accumulation, the damage increment should be calculated
cycle by cycle because the accumulated plastic strain may
be distinct for each cycle. Then, the increment of the fatigue
damage is calculated as
DDðiþ1Þ ¼ DN � _Dðiþ1Þ
e ; only elastic damage occurs

_Dðiþ1Þ
e þ _Dðiþ1Þ

p ; elastic � plastic damage occurs

(

ð23Þ
Fig. 7. One half of the model: (a) loads and constraint conditions and (b) sc

Fig. 8. The established finite element model: (a) the g
Then, the total extent of damage corresponding to the total
loading cycle of N is obtained as

Dðiþ1Þ ¼ DðiÞ þ DDðiþ1Þ ð24Þ

(3) If the accumulation of damage at any element reaches 1, a

fatigue crack initiates at this element, and the corresponding
number of cycles is the fatigue crack initiation life, or else, a
recalculation of the material properties of each element is
conducted using the following equation
Eðiþ1Þ ¼ EðiÞð1� Dðiþ1ÞÞ ð25Þ
Then, the analysis of the stress field and the damage field is
repeated until the accumulation of damage at any element
reaches 1. The crack initiation life is predicted. For the case
of the damage value greater than zero but less than 1, it indi-
cates that the material was damaged but not failure, and the
damage state of material is reflected by reducing the effective
elastic modulus of RVE.
3.3. Finite element model

In the ABAQUS platform, only half of the scarf bolted joint was
built using a symmetric boundary condition at the plane of sym-
metry. The model of the component consisted of one pair of scarf
hematic diagram of coordinate system and part name.

lobal view and (b) the local view.
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plates and four bolts, as shown in Fig. 7(a). Cyclic loading was
applied along the axial direction of the scarf plates, which is simply
the x direction of the coordinate system, as shown in Fig. 7(b). A 3D
8-node linear solid element (C3D8) in ABAQUS was used to mesh
the scarf plates and bolts. The element is defined by eight nodes
with three degrees of freedom for each node: translations in the
nodal directions, x, y, and z. To accurately obtain the stress field
in the local contact zone between the scarf plate and the bolt, a
high quality mesh discretization was performed. A mesh sensitiv-
ity analysis was also conducted to obtain a convergent solution
independent of the FE mesh size in the numerical computation.
The meshes around the bolt hole were refined with a minimum
mesh size of 0.1 mm3. A total of 199,032 elements were created.
The meshed FE model is shown in Fig. 8.

The damage-coupled elastic-plastic constitutive model was
adopted to simulate the stress-strain behaviour of the scarf plate,
and a linear elastic material behaviour is used to simulate the
stress-strain behaviour of bolt with an elastic modulus of 110
GPa and a Poisson’s ratio of 0.3. The contacts between the surfaces
Fig. 9. Distribution of the longitudinal stress (MPa): (a) along the depth direc

Fig. 10. Distribution of the von Mises stress (MPa): (a) along the depth direction on
of scarf plate and bolt and two surfaces of scarf plates were defined
using the master-slave algorithm. The contact pair is composed of
a master surface and a slave surface. The normal direction of a pair
of the contact surfaces is reversed, that is, the normal direction of a
master (or slave) surface points to the slave (or master) surface.
The tangential direction of a surface is perpendicular to the normal
direction, and the tangential direction of a pair of the contact sur-
faces is also reversed. The sliding formulation was set as finite slid-
ing. In the FE simulation, it is important and representative to use
the stabilized coefficient of friction [44,45]. In this study, the coef-
ficient of friction was not measured in the experiment. The stabi-
lized coefficient of friction l = 0.65 from Refs. [46,47] was used
for the pair of scarf plates, and the coefficient of friction between
the scarf plates and bolt was set to be 0.2 [13]. In the numerical
simulation, the clamping load was first applied to the bolt section,
and then the cyclic loading was applied at the end of the scarf
plate. The clamping force Fcl was 5 kN, and the maximum stress
in a loading cycle was 76.25 MPa with a stress ratio of 0.06.
tion on the area around the bolt hole and (b) on the surface of the plate.

the area around the bolt hole and (b) on the contact surface of the scarf plates.



Fig. 12. The evolution curve of the von Mises stress at the critical element versus
the number of cycles.
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It is worth noting that for the case of our study, the clamping
force and the friction coefficient adopted in the manuscript can
be considered as an acceptable approximation compared to the
experimental values. Thus, we tried to present the readers a veri-
fied model before the sensitivity analysis of factors.

3.4. Computational results

After the application of the clamping force, the distribution of
the longitudinal stress (i.e. the stress along the longest feature of
the plate) on the bolt hole was obtained, as shown in Fig. 9, which
indicates that the compressive stress occurs at the edge of the bolt
hole, which is favourable for the fatigue life of the scarf plate by
decreasing the mean stress value of the local area when the joint
is subjected to the cyclic loading. In Section 4.3, the effects of dif-
ferent clamping forces on the fatigue life are discussed. The distri-
bution of the von Mises stress on the scarf plates under the
clamping force and the cyclic loading is presented in Fig. 10, which
shows that (1) the von Mises stress decreases along with an
increase in the distance away from the hole edge for every bolt
hole, (2) the stress values on bolt-1 hole and bolt-4 hole are greater
than on other bolt holes, (3) the maximum value of stress on the
bolt hole occurs at the contact surface of the two scarf plates,
which may be the position where the fatigue crack initiates.

Based on the proposed numerical algorithm, the calculated fati-
gue life of the scarf bolted joint was 267,510. Fig. 11(a) shows the
calculated fatigue damage field of the local area and the crack ini-
tiation site for the scarf bolted joint. The results show that the
crack initiates at the contact surface of the two scarf plates on
the hole of bolt-1. The extent of the damage versus the number
of cycles for the critical element is shown in Fig. 11(b), and
Fig. 11(c) shows the evolution of the elastic damage rate dDe/dN.
According to the calculated results, the total plastic damage Dp

was approximately 0.1, and the total elastic damage De was
approximately 0.9; thus, the elastic damage was dominant in the
Fig. 11. Fatigue damage analysis: (a) damage field distribution of the local area, (b) th
evolution curve of the elastic damage rate.
fatigue damage process of the material, which is reasonable con-
sidering that the calculated fatigue life lies in the high cycle fatigue
region. Fig. 12 shows the calculated evolution curve of the von
Mises stress versus the number of cycles at the critical element
under the fatigue loadings. We can see that the maximum stress
decreases as the number of loading cycles increases, which is
caused by the stress redistribution due to the accumulated fatigue
damage.

The calculated life is needed to be compared with the experi-
mental life to validate the model. Therefore, it is much necessary
to demonstrate the comparability between these two results. On
one hand, in the experiments, it is difficult to determine the
moment when the cracks initiate due to that the initiation sites
e damage extent versus the number of cycles for the critical element and (c) the



Fig. 13. Distribution of the longitudinal stress (MPa) with respect to different scarf angles.

Fig. 14. Distribution of the von Mises stress (MPa) with respect to different scarf angles.

Z. Zhan et al. / International Journal of Fatigue 102 (2017) 59–78 67



68 Z. Zhan et al. / International Journal of Fatigue 102 (2017) 59–78
are at the edge of bolt hole on the contact surface of the scarf
plates. However, we found that the life corresponding with the
end phase of the fracture was relative short by comparing the
number of cycles when the crack was small (0.1–1 mm) but could
be observed by eyes. Thus, although we cannot test the crack initi-
ation life accurately for each specimen, it is reasonable to assume
the experimental life to be approximate the crack initiation life.
On the other hand, in the numerical implementation based on
the continuum damage mechanics, the crack initiation criterion
is that the accumulation of the damage value at any one element
reaches 1. The corresponding physical meaning is that the critical
element loses the load carrying capacity. Therefore, to some extent,
the dimension of the critical element is equivalent to the length of
crack initiation. The average size of meshes in the critical zone of
the FE model is about 0.08 mm. Thus, the calculated fatigue life
can be approximately compared with the experimental result.

The experimental mean life listed in Table 4 is 235,280, and the
error between the calculated result and the experimental mean life
is 13.7%. It is shown that the calculated result is in accordance with
the experimental result, and the calculated result is acceptable for
engineering applications.
4. Discussions

This section discusses the effects of the scarf angle, the friction
coefficient and the clamping force on the fatigue life of the scarf
Fig. 15. Change in the longitudinal stresses (MPa) within one loading cycle with
respect to different scarf angles.
bolted joint. In addition, a sensitivity analysis of the fatigue life
with respect to these three factors is also conducted.

4.1. Effects of the scarf angle

The scarf angles discussed in this section are 0.55�, 1.65�, 2.75�
and 3.85�, respectively. The friction coefficient between the scarf
plates is set to be 0.65. The clamping force on the bolt is 5000 N,
and the maximum stress in a loading cycle is 90 MPa with a stress
ratio of 0.06 for all the cases.

4.1.1. Effects on the stress distribution of the bolt hole and on the load
transferred by the bolts

After the application of clamping force, the distribution of the
longitudinal stress on the bolt hole is shown in Fig. 13. Two impor-
tant points can be obtained: (1) the distribution rules of the stress
are similar for the four scarf angles and (2) the region of compres-
sive longitudinal stress and the maximum value of the compressive
longitudinal stress increase along with an increase in the scarf
angle, which is favourable for the fatigue life of the scarf plate.

The distribution of von Mises stress on the bolt hole under the
clamping force and cyclic loading are shown in Fig. 14. We can see
that (1) the distribution rules of the stress are similar for four scarf
angles and (2) the maximum value of the von Mises stress occurs
on the hole of bolt-1 at the contact surface of the two scarf plates
for all the cases, which indicates that the crack may initiate at this
Fig. 16. Effect of the scarf angle on the load transferred by each bolt.

Fig. 17. Fatigue life versus the scarf angle.
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position. Fig. 15 shows the change in the longitudinal stress at the
critical element within one loading cycle. The stress amplitudes
and the maximum stresses are shown to decrease significantly
when the scarf angle increases from 0.55� to 3.85�, which is favour-
able for the fatigue life improvement of the scarf plate.

The loads transferred by the bolts with different scarf angles are
presented in Fig. 16, which shows that (1) loads transferred by
bolt-1 and bolt-4 (refer to Fig. 7) are dominant and sustain approx-
imately 65% of the total load, (2) loads transferred by bolt-1 and
bolt-4 decrease as the scarf angle increases, and (3) loads trans-
ferred by bolt-2 and bolt-3 are much smaller and increase along
with the increase in the scarf angle. Therefore, a greater scarf angle
is favourable for the average of the load transferred by the bolts,
which can benefit the fatigue life of the bolt hole.
4.1.2. Effects on the fatigue life
The fatigue lives of the scarf bolted joint with different scarf

angles were calculated using the numerical scheme described in
Fig. 6. The curve of the fatigue life versus scarf angle is shown in
Fig. 17. We can see that a larger the scarf angle results in a longer
the fatigue life. For all the cases, the predicted crack initiates at the
contact surface of the two scarf plates on the bolt hole. The rela-
tionship between the damage extent versus the number of cycles
corresponding to the critical element is plotted in Fig. 18(a). As
the number of cycle increases, the equivalent Young’s modulus of
the critical element will decrease, as shown in Fig. 18(b), resulting
in the redistribution of the stress. When N reaches Nf, the damage
extent at the critical element is close to 1. For each case, the total
plastic damage of the critical element is less than 0.15, and the fati-
Fig. 18. (a) Damage extent versus the number of cycles with respect to different scarf an
the evolution curve of the elastic damage rate.
gue damage processes of the material are primarily controlled by
the elastic damage. The evolution of elastic damage rate dDe/dN
is shown in Fig. 18(c). The failure locations of the critical element
corresponding to the different scarf angles are presented in
Fig. 19, which shows that the failure locations of the critical ele-
ments almost stay the same, which are at the location of 90o on
the bolt hole.

On the whole, the main reasons for the changing trend of fati-
gue life corresponding to different scarf angles are described by
the following two aspects: (1) the stress amplitude and maximum
stress decrease along with an increase in the scarf angle; and (2)
the larger scarf angle can average the load transferred by the bolts
and reduce the maximum value of load transferred by bolt-1 and
bolt-4 on the ends.
4.2. Effects of the friction coefficient

The friction coefficients between the scarf plates discussed in
this section were 0.25, 0.45, 0.65, and 0.85, respectively. The scarf
angle was 1.65�. The clamping force on the bolt was 5000 N, and
the maximum stress during a loading cycle was 90 MPa with a
stress ratio of 0.06 for all cases.
4.2.1. Effects on the stress distribution on the bolt hole and on the load
transferred by the bolts

After the application of the clamping force, the distributions
and values of the longitudinal stress on the bolt hole were almost
the same for each case, as shown in Fig. 20. The distribution of lon-
gitudinal stress was closely related to the clamping force and the
gles, (b) reduction in the equivalent Young’s modulus of the critical element and (c)



Fig. 19. Failure locations of the critical element corresponding to the different scarf angles (a) scarf angle = 0.55�, (b) scarf angle = 1.65�, (c) scarf angle = 2.75� and (d) scarf
angle = 3.85�.
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scarf angle; however, the friction between the scarf plates had no
effect on the longitudinal stress.

The distributions of the von Mises stress on the bolt hole under
the clamping force and cyclic loading are shown in Fig. 21, which
indicates that (1) the distribution rules of the stress are similar,
and the maximum value of von Mises stress occurs on bolt-1 hole
at the contact surface of the two scarf plates for each case, and (2)
the region of von Mises stress with greater values on each bolt hole
decrease along with an increase in the friction coefficient, which
can be favourable for the fatigue life of the scarf plate. Fig. 22
shows the change in the longitudinal stress at the critical location
within one loading cycle. Obviously, when the friction coefficient
increases from 0.25 to 0.85, the maximum value of the stress
changes slightly, while the stress amplitude is shown to signifi-
cantly decrease, which is favourable for the fatigue life improve-
ment of the scarf plate.

The loads transferred by the bolts with different friction coeffi-
cients are presented in Fig. 23(a), which shows that (1) loads trans-
ferred by bolt-1 and bolt-4 are dominant and bear the most load,
and (2) loads transferred by each bolt decrease markedly when
the friction coefficient increases from 0.25 to 0.85. Fig. 23(b) shows
the total loads transferred by the bolts and by the frictional force
for the bolted joints at different friction coefficients. It is obvious
that the friction coefficient increases, the total loads transmitted
by the frictional force increases and the total loads transmitted
by the bolts decrease. The decrease in the loads transmitted by
the bolts leads to a reduction in the stress amplitude at the bolt
hole, which is favourable for fatigue life improvement of the scarf
plate.

4.2.2. Effects on the fatigue life
The fatigue lives of the scarf bolted joint with different friction

coefficients were calculated, and Fig. 24 shows the calculated fati-
gue life versus the friction coefficient. It is clear that a larger fric-
tion coefficient between the scarf plates results in a longer
fatigue life. For all cases, the predicted crack initiates at the contact
surface of the two scarf plates on the bolt hole. Fig. 25(a) shows the
damage extent versus the number of cycles corresponding to the
critical element, and Fig. 25(b) shows the reduction of the equiva-
lent Young’s modulus at the critical element. The fatigue damage
processes of the material for each case are primarily controlled
by the elastic damage. The failure locations of the critical elements
corresponding to the different friction coefficients are presented
shown in Fig. 26, which shows that the failure locations of the crit-



Fig. 20. Distribution of the longitudinal stress (MPa) with respect to different friction coefficients.

Fig. 21. Distribution of the von Mises stress (MPa) with respect to different friction coefficients.
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Fig. 22. Change of the longitudinal stresses (MPa) within one loading cycle with
respect to different friction coefficients.

Fig. 24. Fatigue life versus the friction coefficient.
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ical elements change a little, however, which are all around the
location of 90� on the bolt hole.

On the whole, the main reason for the changing trend of the
fatigue life corresponding to different friction coefficient is that,
as the friction coefficient increases, the total loads transferred by
the frictional force increase and the loads transmitted by the bolts
decrease, which lead to the obvious reduction in the stress ampli-
tude of the critical element; thus, the fatigue life increases.

4.3. Effects of the clamping force

The clamping forces applying to the bolts discussed in this sec-
tion were 0 N, 2000 N, 5000 N and 8000 N, respectively. The scarf
angle was 1.65�. The friction coefficient between scarf plates was
0.65, and the maximum stress in a loading cycle was 90 MPa with
a stress ratio of 0.06 for all cases.

4.3.1. Effects on the stress distribution on the bolt hole and on the load
transferred by the bolts

After the application of the clamping force, the distribution of
the longitudinal stress on the bolt hole is shown in Fig. 27, which
indicates that the maximum value of the compressive longitudinal
stress increased along with an increase in the clamping force.
Fig. 28 shows the distribution of the von Mises stress on the bolt
hole under the clamping force and cyclic loading. For all the cases,
the maximum values of the von Mises stress were similar and
Fig. 23. (a) Effect of the friction coefficient on the load transferred by each
occur on the bolt-1 hole at the contact surface of the two scarf
plates. Fig. 29 shows the change in the longitudinal stress at the
critical element within one loading cycle. Two important points
can be obtained: (1) the maximum stresses are similar, but the
stress amplitudes are shown to be significantly decreased when
the clamping force increases from 0 N to 8000 N, and (2) the
changing trends corresponding to the clamping forces of 0 N and
2000 N were almost all the same.

The loads transferred by the bolts with different clamping
forces are shown in Fig. 30(a). It is clear that (1) loads transferred
by bolt-1 and bolt-4 are dominant and bear the most load, and (2)
loads transferred by each bolt decrease markedly when the clamp-
ing force increases from 0 N to 8000 N. Fig. 30(b) shows the total
loads transferred by the bolts and by the frictional force for the
bolted joints at different clamping forces. It is clear that as the
clamping force increases, the total loads transmitted by the fric-
tional force increases, and the total loads transmitted by the bolts
decreases. The decrease in the loads transmitted by the bolts leads
to a reduction in the stress amplitude at the bolt hole, which is
favourable for the fatigue life improvement of the scarf plate.

4.3.2. Effects on the fatigue life
The fatigue lives of the scarf bolted joints with different clamp-

ing forces were calculated, and Fig. 31 shows the calculated fatigue
life versus the clamping force. Obviously, a larger clamping force
results in a longer fatigue life. For all cases, the predicted crack ini-
tiates at the contact surface of the two scarf plates on the bolt hole.
The failure locations of the critical element s corresponding to the
bolt and (b) total loads transferred by the bolts and by frictional force.



Fig. 25. (a) Damage extent versus the number of cycles with respect to different friction coefficients and (b) reduction in the equivalent Young’s modulus at the critical
element.

Fig. 26. Failure locations of the critical element corresponding to the different friction coefficient (a) f = 0.25, (b) f = 0.45, (c) f = 0.65 and (d) f = 0.85.
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Fig. 27. Distribution of the longitudinal stress (MPa) with respect to different clamping forces.

Fig. 28. Distribution of the von Mises stress (MPa) with respect to different clamping forces.
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different friction coefficients are presented in Fig. 32, which shows
that the failure locations of the critical elements change a little,
however, which are all around the location of 90o on the bolt hole.
In addition, the stress state of the critical element contains the fric-
tional shear stress induced by the frictional force and the tensile
stress induced by the cyclic loads. According to the calculated
result, the tensile stress is the primary factor leading to the failure
of the critical element. Thus, as the clamping force increases,
although the frictional shear stress increases, the fatigue life still
increases due to the tensile stress decrease.



Fig. 29. Change in the longitudinal stresses (MPa) within one loading cycle with
respect to different clamping forces.

Fig. 31. Fatigue life versus the clamping force.
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4.4. Sensitivity analysis of fatigue life with respect to the scarf angle,
friction coefficient and clamping force

Based on the above discussion, the increases in the scarf angle,
friction coefficient and clamping force all can increase the fatigue
life of the joint. This section will analyse the sensitivity of the fati-
gue life with respect to the scarf angle, friction coefficient and
clamping force. To obtain the normalized sensitivity factors, the
fatigue lives of the scarf bolted joint under various conditions were
calculated, and we define the sensitivity factor as the ratio between
increasing multiples of the fatigue life and increasing multiples of
the clamping force or friction coefficient.

First, when the scarf angle is fixed at 1.65�, the changing trends
of the fatigue life along with the clamping force and friction coef-
ficient are shown in Fig. 33. The sensitivity factors and variations in
the fatigue lives along with different clamping forces and friction
coefficients are listed in Table 5. The sensitivity factors were calcu-
lated according to the above definition; for example, when the
clamping force increases to 8000 N, which is 4 times 2000 N, the
corresponding fatigue life is approximately 13.9 times of the life
at 2000 N, so the sensitivity factor of the fatigue life on the clamp-
Fig. 30. (a) Effect of the clamping force on load transferred by each bolt a
ing force is defined as SFcl ¼ 13:9=4 � 3:5; and when the friction
coefficient increases to 0.85, which is approximately 3.4 times
0.25, the corresponding fatigue life is approximately 2.9 times
the life of 0.25, so the sensitivity factor of the fatigue life on the
friction coefficient is defined as Sf ¼ 2:9=3:4 � 0:9. Therefore, it is
obvious that the fatigue life is more sensitive to the clamping force
than to the friction coefficient.

Second, when the friction coefficient is fixed at 0.65, the chang-
ing trends of the fatigue life along with the scarf angle and the
clamping force are shown in Fig. 34. The sensitivity factors and
the variations in the fatigue lives along with the various scarf angle
and clamping forces are listed in Table 6. One can see that the fati-
gue life is more sensitive to the clamping force than to the scarf
angle.

Third, when the clamping force is fixed at 5000 N, the changing
trends of the fatigue life along with the friction coefficient and the
scarf angle are shown in Fig. 35. The sensitivity factors and varia-
tions in the fatigue lives with various friction coefficients and scarf
angles are listed in Table 7. It is also easy to find that the fatigue life
is more sensitive to the friction coefficient than to the scarf angle.

Based on the analysis above, the fatigue life is most sensitive to
the clamping force, and the sensitivity of friction coefficient is lar-
ger than the scarf angle.
nd (b) total loads transferred by the bolts and by the frictional force.



Fig. 32. Failure locations of the critical element corresponding to the different clamping force (a) Fcl = 0, (b) Fcl = 2000, (c) Fcl = 5000 and (d) Fcl = 8000.

Fig. 33. Fatigue lives versus the clamping force and the friction coefficient.

Table 5
Sensitivity factor and variations of the fatigue lives along with various clamping
forces and friction coefficients.

Fcl Fcl/Fcl2000 N/NFcl2000 SFcl f f/f0.25 N/Nf0.25 Sf

2000 N 1.0 1.0 1 0.25 1.0 1.0 1
5000 N 2.5 6.0 2.4 0.45 1.8 1.5 0.8
8000 N 4.0 13.9 3.5 0.65 2.6 1.9 0.7

0.85 3.4 2.9 0.9
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5. Conclusions

A continuum damage mechanics-based method for the fatigue
life prediction of a scarf bolted joint made of 2024-T351 alu-
minium alloy was proposed and validated by conducting the corre-
sponding fatigue experiments of the components. Some of the key
findings are as follows:



Fig. 34. Fatigue lives versus the scarf angle and the clamping force.

Table 6
Sensitivity factor and variations in the fatigue lives along with various scarf angles
and clamping forces.

ascarf ascarf =ascarf0:55o N=Nascarf0:55o
Sscarf Fcl Fcl/

Fcl2000

N/
NFcl2000

SFcl

0.55� 1.0 1.0 1 2000 N 1.0 1.0 1
1.65� 3.0 1.2 0.4 5000 N 2.5 6.0 2.4
2.75� 5.0 1.3 0.3 8000 N 4.0 13.9 3.5
3.85� 7.0 1.9 0.3

Fig. 35. Fatigue lives versus the friction coefficient and scarf angle.

Table 7
Sensitivity factor and variations of the fatigue lives along with different friction
coefficients and scarf angles.

f f/f0.25 N/Nf0.25 Sf ascarf ascarf =ascarf0:55o N=Nascarf0:55o Sscarf

0.25 1.0 1.0 1 0.55� 1.0 1.0 1
0.45 1.8 1.5 0.8 1.65� 3.0 1.2 0.4
0.65 2.6 1.9 0.7 2.75� 5.0 1.3 0.3
0.85 3.4 2.9 0.9 3.85� 7.0 1.9 0.3

Z. Zhan et al. / International Journal of Fatigue 102 (2017) 59–78 77
(1) The damage-coupled elastic-plastic constitutive equations
and fatigue damage evolution equations are derived to rep-
resent the fatigue damage behaviour of the material and
then implemented by user material subroutine (UMAT) in
ABAQUS.
(2) The fatigue life and crack initiation site of the scarf bolted
joint are predicted and are in accordance with the experi-
mental fatigue results of the component.

(3) The scarf angle plays an important role on averaging the load
transferred by the bolts and changing the stress evolution
around the bolt hole. An increase in the scarf angle leads
to a reduction in the stress amplitude and the maximum
stress at the critical element, which can prolong the fatigue
life.

(4) The friction coefficient between the scarf plates and the
clamping force have similar effects on the fatigue life
improvement of scarf bolted joints, and both of these factors
can reduce the stress amplitude of the critical element.

(5) A sensitivity analysis of the fatigue life with respect to the
scarf angle, the friction coefficient and the clamping force
was performed. The calculated results show that the fatigue
life is most sensitive to the clamping force, and the sensitiv-
ity of friction coefficient is greater than the scarf angle.
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