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a b s t r a c t

Numerical simulations of the fatigue damage evolution at a hole in a plate treated by cold expansion or
with interference fit pin is performed based on continuum damage mechanics and the finite element
method. The damage-coupled Chaboche plasticity constitutive model is used to model the mechanical
behavior of material. Plastic-strain-based and stress-based equations are used to calculate damage
accumulation. The process of the hole cold expansion or pin interference fit and the subsequent fatigue
damage evolution are simulated. The predicted results agree well with the experimental data available in
the literature. Result shows that the beneficial effect of cold expansion and interference fit on the fatigue
life improvement of a fastener hole is not only due to the reduction in maximum stress or stress
amplitude, but also to the change in the fatigue damage evolution at the critical location.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

For many mechanical joints subjected to cyclic loads, fatigue
cracks typically develop at fastener hole stress concentrations. In
order to increase fatigue resistance of mechanical joints such as
rivet and bolt joints, hole cold expansion or interference fit fas-
teners are widely used in aeronautical industry. In the cold
expansion process, a significant amount of plastic deformation is
produced around the hole by pulling an oversized tapered man-
drel through the fastener hole. This process creates compressive
residual stresses around the hole due to the recovery of the elastic
deformation in the material. The compressive residual stresses
reduce the maximum tensile stresses at critical locations when the
component is subjected to tensile cyclic loading [1]. In the inter-
ference fit process, an oversized pin or bolt is inserted into the
fastener hole during component assembly. This process creates
mainly tensile residual stresses around the hole due to the hole
being expanded by the oversized pin or bolt. Although the tensile
residual stresses increase the mean stress when subjected to cyclic
loading, the stress amplitude is significantly reduced due to the
‘support effect’ of the pin or bolt [2] and leads to fatigue life
improvement. Either cold expansion or interference fit improves
the fatigue resistance of the fastener hole by changing the stress
and strain distributions around the hole.
Studies [3,4] has demonstrated that the cold expansion can
improve the fatigue life of a fastener hole by a factor of 3–10. The
beneficial effect of cold expansion is attributed to the compressive
residual stress, which has the effect of extending both the crack
nucleation and crack propagation periods by large proportions [1].
Experimental and finite element methods [5] were used to cal-
culate the residual stress field. It is known that the fatigue striation
crack lengths and the crack growth rates of cold expanded speci-
mens are smaller than for those with untreated open hole [6–8].
There are scatter studies that have investigated the effect of
interference fit on fatigue life of bolted or pinned joints [9–11]. It is
supposed that the reduction in stress amplitude is the primary
reason for the fatigue life improvement. However, the studies of
hole cold expansion and holes with interference fit rely upon
experimental tests, and the knowledge for fatigue life improve-
ment is limited to date and the explanations remain largely qua-
litative [10,12,13]. It is difficult to quantitatively analyze the effects
of hole cold expansion or holes with interference fit on the
resultant fatigue life improvement.

To estimate the residual stress effect on the fatigue life
improvement of a fastener hole, life prediction methods require
the inclusion of the analysis of residual stress and strain dis-
tributions around the hole. Chakherlou et al. [14,15] used the finite
element method combined with different critical plane criteria
(e.g., Glinka [16], Smith–Watson–Topper [17], Fatemi-Socie [18],
etc.) to estimate the fatigue lives of specimens with cold expanded
holes and holes with interference fit fasteners and showed that
none of the criteria gave accurate results for all of the specimens
tested. Matos et al. [19] used an analytical fracture mechanics
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approach to assess the effects of cold expansion on the fatigue life
of a rivet hole. However, the approach simplified the cold expan-
ded specimen into a 2D problem, and therefore failed to describe
the fatigue crack location accurately. To predict the fatigue damage
in cold expanded holes and those with interference fit fasteners,
the conventional analytical methods only consider the effect of
residual stress; plasticity damage and the subsequent fatigue
damage evolution is not fully understood. Continuum damage
mechanics provide a new method for describing the damage
evolution in the material.

Continuum damage mechanics (CDM) [20] introduces a con-
tinuous damage variable to describe the degradation of materials.
Based on thermodynamic and corresponding damage mechan-
isms, damage evolution laws combined with damage-coupled
elasto-plastic or visco-plastic constitutive models can be used to
model the evolution of ductile plastic damage, fatigue, creep and
creep-fatigue interaction. The fundamental concepts of CDM can
be found in publications by Kachanov [21], Lemaitre [22], as well
as Lemaitre and Chaboche [23]. CDM has been widely used in
engineering applications and research, which can also be used to
simulate complicated mechanical behavior such as ratcheting-
fatigue interaction [24] and fretting fatigue [25,26]. For accurate
applications and when the coupling between strains and damage
is strong, a coupled CDM approach is necessary. The constitutive
models need to be implemented within a finite element code, and
the damage accumulate cycle by cycle to take account of the
material degradation and stress redistributions [27].

In this paper, the continuum damage mechanics approach
combined with the finite element method are used to simulate the
fatigue damage evolution in a fastener hole treated by cold
expansion or with interference fit pin. Firstly, the process of cold
expansion or interference fit is simulated to obtain the residual
stress and strain field and the plasticity damage in the hole caused
by those processes. Then the fatigue damage is simulated with
consideration of residual stress, and elasticity and plasticity
damage. The damage-coupled Chaboche plasticity constitutive
Fig. 1. Dimensions of the open hole specimens (mm) [28].

Fig. 2. (a) Schematic of the hole cold expansion p
model [23] is used to represent the material behavior, and plastic-
strain-based and stress-based equations are used to calculate
damage accumulation, which is implemented by a user material
subroutine (UMAT in ABAQUS). The critical-plane SWT approach is
used for comparison purposes. The performance of the proposed
approach is verified by comparison with experimental results
available in the literature, and to show to be superior to the SWT
approach. The effects of cold expansion and interference fit pin on
fatigue damage of a fastener hole are investigated.
2. Fatigue experiments

The experiments of specimens with cold expanded hole and
holes with interference fit pins performed by Chakherlou et al.
[2,28] are simulated in this study. A brief overview of the experi-
ments is presented here.

In the fatigue test of specimens with cold expanded holes [28],
two groups of specimens (open hole and cold expanded) made of
Al alloy 7075-T6 were tested. Fig. 1 shows the dimensions of the
open hole specimen, in which the diameter of the central hole is
5 mm. The hole cold expanded specimen was produced by pulling
an oversized tapered pin through the hole. The schematic of the
process is shown in Fig. 2(a). The pin was made of En 24 grade
steel and has an outer diameter of 5.2 mm, which will be used to
produce a cold expansion of 4%. The dimensions of the pin are
shown in Fig. 2(b). Fatigue tests were performed under the pul-
sating cyclic loading (loading ratio is zero). The applied cyclic
loading Pmax and the maximum remote stress in the cross-
sectional area are shown in Table 1, and the fatigue test results
are shown in Fig. 4(a).

To investigate the effect of pin interference fit on fastener hole
fatigue life improvement, four groups of interference fitted speci-
mens and one group of open hole specimens were tested in the lit-
erature [2]. The pin interference fitted specimen (Fig. 3(a)) was
obtained by inserting an oversized steel pin into the hole of an open
hole specimen. The material of the pin was made of AISI-D2 steel.
The interference fit level is defined as I¼ ðd2�d1Þ=d1 � 100%, where
d1 is the diameter of the hole and d2 is the large diameter of the pin.
Fig. 3(b) shows the dimensions of the pin causing an interference fit
of 2%. Fatigue tests were performed at seven different maximum
rocess, (b) dimensions of the pin (mm) [28].

Table 1
Maximum cyclic loading for the specimens with cold expanded hole.

Pmax (kN) 14.63 16.88 19.13 21.38 23.65 25 27 29.03
Maximum
remote stress
(MPa)

130 150 170 190 210 222 240 258



Fig. 3. The pin interference fitted specimens (a) and (b) the dimensions of pin for 2% interference fit [29].

Table 2
Maximum cyclic loading for the pin interference fitted specimens.

Pmax (kN) 29 31 33 35 37 39 41
Maximum remote stress
(MPa)

258 275.5 293.3 311.1 328.8 346.6 364.4

Fig. 4. Experimental stress-life data for: (a) open hole and cold expanded specimens [28], (b) open hole and pin interference fitted specimens [2].
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loads, as shown in Table 2, and the experimental results are shown in
Fig. 4(b).
3. Theoretic models

In order to investigate the effect of cold expansion and pin
interference fit on fatigue life of a fastener hole, two phases of
analysis need to be carried out. The first one is the calculation of
the residual stresses and initial plasticity damage after hole cold
expansion or interference fit, in which the damage-coupled Cha-
boche plasticity constitutive model and plasticity damage model
are the basis of the analysis. The second one is the analysis of
fatigue damage evolution of the plate under cyclic loading, in
which the elasticity and plasticity damage models and damage
cumulative rule are utilized for the simulation.

3.1. Damage-coupled Chaboche plasticity constitutive model

To model the behavior of a damaged and hardened plastic
material, the damage-coupled plasticity constitutive model pro-
posed by Lemaitre and Chaboche [23] is used.

A Representative Volume Element (RVE) [23] is introduced to
describe the deterioration of the material under external loading.
The properties of the RVE are represented by homogenized vari-
ables. The typical dimension of a RVE is near 0.1 mm for metals. In
this study, it is assumed that damage is isotropic and can be
represented by a decrease in the elastic modulus [23]. The damage
variable is thus defined as follows:

D¼ 1�E=E0 ð1Þ

where E is the equivalent elastic modulus of the damaged RVE, and
E0 is the initial elastic modulus of the material. Considering a small
deformation, the total strain εij can be decomposed as:

εij ¼ εeijþεpij ð2Þ

where εeij and εpij are the elastic and plastic strains, respectively.
According to the principle of strain equivalence [23], the elastic
strain takes the form:

εeij ¼
1þν
E0

σij

1�D
� ν
E0

σkk

1�D
δij ð3Þ

where v is Poisson's ratio, σij is the Cauchy stress, and δij is the
Kronecker delta.

The von Mises yield function including damage is expressed by:

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
2

sij
1�D

�αij

� � sij
1�D

�αij

� �r
�Q ð4Þ

where sij is the deviatoric part of the stress, αij is the deviatoric
part of the back stress, and Q is the radius of the yield surface and
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its evolution is defined as:

_Q ¼ _λb Q1�Qð Þ ð5Þ
where b and Q1 are material constants, _λ is the plastic multiplier
that is determined by the plastic flow consistency condition:
_f ¼ f ¼ 0. The nonlinear kinematic hardening model (NLKH) pro-
posed by Chaboche [30] is used to represent the kinematic hard-
ening behavior.

αij ¼
XM
k ¼ 1

αðkÞ
ij ð6Þ

The evolution of the plastic strain components [23] can be
obtained as

_εpij ¼
3
2

_λ
1�D

sij
1�D

�αij

� �
=

sij
1�D

�αij

� �
eqv

ð7Þ

_p¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
_εpij _ε

p
ij

r
¼

_λ
1�D

ð8Þ

_αðkÞ
ij ¼ 2

3
Ck _ε

p
ij�γkα

ðkÞ
ij
_p

� �
ð1�DÞ ð9Þ

where _p is the accumulated plastic strain rate. In Eq. (9), Ck and γk
are material constants that are determined from experimental tests.

3.2. Damage evolution models

Based on the stress-controlled low-cycle fatigue tests per-
formed by Kang [24], the damage D can be considered to occur in
two parts: elasticity and plasticity damage, which are dependent
on the cyclic stress and accumulated plastic strain, respectively.
Thus:

D¼DeþDp ð10Þ

3.2.1. Plasticity damage model
The evolution law [31] of the plasticity damage Dp considering

the stress triaxiality effect is given by:

_Dp ¼
σ2
eqvRv

2E0Sð1�DpÞ2

 !m

_p ð11Þ

Rv ¼ 2
3 ð1þvÞþ3 ð1�2vÞðσH=σeqvÞ2 if σHZ0 ð12Þ

where S and m are material parameters, Rv is the stress triaxiality
function, and σH and σeqv are the hydrostatic and von Mises
stresses, respectively. Due to the limited knowledge present in the
literature, the damage mechanism in the state of compressive
stress is not currently clear. To extend the plasticity damage model
into the state of compressive stress, a conservative method is used
in this study. The stress triaxiality function in the state of com-
pressive stress is:

Rv ¼ 2
3 ð1þvÞ if σHo0 ð13Þ

3.2.2. Elasticity damage model
The thermodynamic formulation for the elasticity damage has

been described in [23]. For the case of multiaxial cyclic loading, the
damage rate equation of the non-linear continuous damage model
(NLCD) can be written as:

_De ¼
dD
dN

¼ 1� 1�Dð Þ βþ1
h iα

U
AII

M0 1�3b2σH;mean
� �

1�Dð Þ

" #β
ð14Þ

where N is the number of cycles until failure; β, M0 and b2 are
material constants that are determined by fatigue tests; AII is the
amplitude of an octahedral shear stress, which is expressed by:

AII ¼
1
2

3
2

Sij; max�Sij; min
� �

U Sij; max�Sij; min
� �	 
1=2

ð15Þ

where Sij; max and Sij; min are the maximum and minimum values of
the deviatoric stress tensor ij components during one loading
cycle. In Eq. (14), σH;mean is the mean hydrostatic stress, which is
defined by:

σH;mean ¼
1
2
σH; maxþσH; min
� � ð16Þ

where σH; max and σH; min are the maximum and minimum
hydrostatic stresses during one loading cycle. Also in Eq. (14), the
parameter α is given by:

α¼ 1�a
AII�A�

II

σu�σeqv; max

� �
ð17Þ

where σeqv; max is the maximum von Mises stress during one
loading cycle. The Sines fatigue limit criterion [32] in this model is
formulated as:

A�
II ¼ σl0ð1�3b1σH;meanÞ ð18Þ

where σl0 is the fatigue limit at zero mean stress and b1 is a
material constant.

The number of cycles until failure is given by integrating Eq.
(14) between D¼ 0 and D¼ 1:

NF ¼
1

1þβ
U

1

aM�β
0

U
σu�σeqv; max
 �

AII�A�
II

 � U
AII

1�3b2σH;mean

	 
�β

ð19Þ

3.3. Critical plane SWT model

The Smith–Watson–Topper [17] critical plane criterion is used,
for comparative purposes, to estimate the fatigue life. This criter-
ion is based on the experimental observations that the critical
fatigue crack occurs at a specified plane and the fatigue life is
controlled by the maximum tensile stress and strain amplitude on
the specified plane. The SWT life prediction employs a combined
low-cycle and high-cycle fatigue equation, which is expressed by:

σn; max
Δϵ1
2

¼
ðσ0

f Þ2
E0

ð2Nf Þ2bþσ0
f ϵ

0
f ð2Nf Þbþ c ð20Þ

where σn; max and Δϵ1 are the maximum normal stress and prin-
ciple strain range on the critical plane, σ0

f and b are the high-cycle
fatigue constants, ε0f and c are the low-cycle fatigue constants.

3.4. Identification of material parameters

In this study, three groups of parameters need to be identified
according to the experimental data. Experimental data from uni-
axial tensile tests, low-cycle and high-cycle fatigue tests are
required in the identification of material parameters. The least
squares method is used to determine the material parameters
based on the data in the MIL-HDBK-5H handbook [33,34]. The
methodology and result are briefly introduced as below.

3.4.1. Identification of material parameters in the plasticity con-
stitutive equations

Firstly, from the uniaxial tensile test, the parameters in the
constitutive equations can be obtained. Isotropic hardening is
neglected in this study. Three components of the back stress
(M¼ 3) are used. The components of the back stress can be
expressed as an exponential saturation equation, thus the



Table 4
Material parameters of the plasticity damage model for Al alloy 7075-T6.

S m Dc ε0f c H0 n0

7.90 2.88 0.10 0.262 -0.619 977 0.106

Table 5
Material parameters of the NLCD model for Al alloy 7075-T6.

β aM0
�β b1 b2 σl0 a

3.80 2.243�10�15 0.0015 0.0012 46 MPa 0.70

Table 6
Material parameters of the SWT model for Al alloy 7075-T6.

σ0f (MPa) ε0f b c

1466 0.262 �0.143 �0.619
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stress–strain curve is expressed as:

σ ¼ σyþ
XM
k ¼ 1

Ck

γk
1�e� γkεpð Þ ð21Þ

where σy and εp are the initial yield stress and the plastic strain,
respectively. Fig. 5 shows the fitting curve of the stress–strain
curve, and the parameters are summarized in Table 3.

3.4.2. Identification of material parameters in the plasticity damage
model

Secondly, the parameters m and S are determined from the
strain-controlled low-cycle fatigue test data. Using the Coffin–
Manson relationship, the strain-life curve can be written as:

Δϵp
2

¼ ϵ0f ð2NF Þc ð22Þ

where ε0f and c are material parameters. Using the cyclic stress–
strain curve described by:

σmax ¼H0ðΔϵp=2Þn
0 ð23Þ

where H0 and n0 are parameters determined from experiments. For
the uniaxial case, the number of cycles until failure is found by
integrating Eq. (11) between D¼ 0 and Dc:

NF ¼
1�ð1�DcÞ2mþ1

2ð2mþ1Þ
21þ2n0

ES

H02

 !m

Δϵp
� ��ð1þ2mn0 Þ ð24Þ

where Dc is the critical value of the damage at macrocrack for-
mation. The parameter Dc is determined from a tension test, the
details has been described in the literature [27]. The values of ε0f , c,
H0 and n0 are obtained from strain-based fatigue tests data [34].
The material parameters in Eqs. (11) and (24) are obtained by
equating Eqs. (22) and (24), and are shown in Table 4.

3.4.3. Identification of material parameters in the NLCD and SWT
model

Lastly, the stress-life curve [34] of unnotched specimens for Al
alloy 7075-T6 are used to identify the parameters of the NLCD
model. The fatigue limit σl0 and b1 are obtained from stress-life
data at different stress ratios (e.g., R¼�1, 0 and 0.5). The values of
Fig. 5. Stress–strain curve for Al alloy 7075-T6.

Table 3
Static mechanical and material parameters for Al alloy 7075-T6.

EðMPaÞ ν σyðMPaÞ σuðMPaÞ C1ðMPaÞ

71,500 0.33 503 600 784.3
M0 and β can be determined numerically by stress-life data at
stress ratioR¼ �1, b2 can be determined from stress-life data at
different stress ratios (e.g., R¼0 and 0.5). Based on the known
values of aM�β

0 and β, a can be identified numerically. The details
of this method have been described by Zhang [25]. The identified
material parameters are shown in Table 5.

Besides, the stress-life curve [34] is also used in the SWT
model. The material parameters of SWT are shown in Table 6.
Fig. 6 shows the comparison of the SWT model and the integrated
NLCD model for uniaxial fatigue at different stress ratios.
4. Finite element models and numerical simulation scheme

4.1. Finite element models

One eighth of the open hole specimen was modeled using
symmetric boundary conditions at the three planes of symmetry,
C2ðMPaÞ C3ðMPaÞ γ1 γ2 γ3

1743.2 126,767.4 34.5 34.7 11,840

Fig. 6. Fatigue life comparison between the integrated NLCD and SWT model.



Fig. 8. Simplified algorithm of the numerical simulation.
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as shown in Fig. 7. In the hole cold expansion and pin interference
fit processes, a quarter of the specimens are modeled, and sym-
metric boundary conditions are used in X–Z and Y–Z Cartesian
planes. The models of hole cold expansion and interference fitted
specimens consist of two sets of elements for the plate and pin.
The 3D 8-node solid elements (C3D8 in ABAQUS) are used to mesh
the models. The contacts between the pin and plate are defined
using the master-slave algorithm for contact between surfaces.
These contacts allow the pressure to be transferred between the
contacting surfaces, and without them the contacting areas
penetrate each other. The sizes of the elements are refined with
the smallest width of 0.05 mm around the hole. The damage-
coupled Chaboche constitutive model is used to simulate the
stress–strain behavior of Al-alloy 7075-T6. For the pins, a linear
elastic material behavior is used with an elastic modulus of
207 GPa and a Poisson's ratio of 0.3. Coulomb friction is used to
simulate the friction behavior between the contact surfaces with a
coefficient of μ¼0.1.

Two primary steps are included in the numerical simulations:
model the hole cold expansion or pin interference fit processes;
model the fatigue damage processes. In the simulation of the cold
expansion process, the pin is pulled passing through the hole by
applying an incremental displacement on the upper surface of the
pin in the Z direction. In the simulations of interference fit process,
the pin is inserted into the hole and kept in the hole. In the
simulations of fatigue damage, cyclic loading is applied on the
models. Due to the pin being removed after hole cold expansion,
the cold expanded specimens in fatigue damage simulation is
performed in the same manner as for the open hole plate. For the
interference fitted models, the pin is kept in the hole during the
fatigue damage simulation.

4.2. Numerical simulation scheme

User material subroutines are used to implement the damage-
coupled Chaboche constitutive model and the damage evolution
equations. In the fatigue damage simulations, the subroutine
updates the stress and solution-dependent variables and the
Jacobian matrix at each time increment, and calculates the damage
rata and accumulation at each integration point during the cycles.
Because significant amounts of computation time are required to
simulate each fatigue cycle, a cycle jumping factor ΔN is intro-
duced to reduce the number of cycles actually being calculated. It
is assumed that the cyclic stresses and the accumulated plastic
strain and damage remain unchanged during each block of ΔN
cycles. Take for example the simulation for the specimen with cold
expanded hole, the simplified algorithm is shown in Fig. 8. The
details of the numerical simulation scheme are listed as follows:

1. The hole cold expansion process is simulated, and the corre-
sponding plastic damage is calculated as the initial damage Dð0Þ

according to Eq. (11).
Fig. 7. Finite element model for open hole specimen.
2. The cyclic stress and the accumulated plastic strain are calcu-
lated under cyclic loading.

3. The fatigue damage is calculated based on Eqs. (11) and (14)
after ΔN cycles, the accumulated damage given as:

Dðiþ1Þ ¼DðiÞ þΔNU _D
ðiþ1Þ
e þΔDðiþ1Þ

p ð25Þ

The plastic damage ΔDðiþ1Þ
p is dependent on whether cyclic

plasticity occurs during the cycles. If cyclic plasticity occurred,
the plastic damage is calculated ΔN times; otherwise, the
plastic damage is assumed to have occurred at the first cycle
of the ΔN cycles.

ΔDðiþ1Þ
p ¼

ΔNU _D
ðiþ1Þ
p cyclic plasticity

_D
ðiþ1Þ
p else

8><
>: ð26Þ

4. The material properties of the damaged element are modified to
account for the material degradation:

Eðiþ1Þ ¼ EðiÞð1�Dðiþ1ÞÞ ð27Þ

Ck
ðiþ1Þ ¼ Ck

ðiÞð1�Dðiþ1ÞÞ ð28Þ

γk
ðiþ1Þ ¼ γk

ðiÞð1�Dðiþ1ÞÞ ð29Þ

5. The algorithm repeats steps (2)–(4) until the damage of any
integration points reaches a value of 1, which indicates that a
fatigue crack has formed.
5. Results and discussions

5.1. Residual stress and initial plasticity damage

Fig. 9 shows the circumferential residual stress field around the
hole after the cold expansion. The highest compressive residual
stress is shown to be localized near the mid-thickness of the
specimen with a maximum magnitude of 598 MPa, the exit and
entrance faces experience lower compressive residual stresses.
Fig. 10 shows the residual stress distribution on the entrance and
exit face, and the middle-thickness along the direction of depicted
in Fig. 9. Compressive residual stress is shown near the hole edge,
and tensile residual stress is shown beyond the region of com-
pressive residual stress.
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Fig. 11 shows the distribution of the accumulated plastic strain
and the associated plastic damage after hole cold expansion. The
distributions of the plastic strain and damage are both symme-
trically distributed along the circumference of the hole. The
maximum plastic strain exits near the exit edge with a magnitude
of 0.129. The maximum damage appears near the exit edge with a
magnitude of 0.0016. The distributions of the plastic strain and
damage are related to the stress triaxiality that occurs during the
hole cold expansion process.
Fig. 10. Distribution of circumferential residual stress after hole cold expansion.

Fig. 11. Distribution of: (a) accumulated plastic strain,

Fig. 9. Contour of circumferential residual stress (MPa) after hole cold expansion.
Fig. 12 shows the circumferential residual stress field around
the hole after the pin was inserted in the hole with interference fit
of 2%. Compressive and tensile residual stress both exist near the
hole surface, with the highest tensile residual stress being loca-
lized at the exit edge. Fig. 13 shows the residual stress on the
entrance and exit face, and the middle-thickness. Tensile residual
stress is shown to play a major role around the hole, except at the
region near the middle-thickness.
and (b) plastic damage after hole cold expansion.

Fig. 12. Contours of circumferential residual stress (MPa) after pin interference
fit of 2%.

Fig. 13. Distribution of circumferential residual stress after pin interference fit of 2%.



Fig. 14. Distribution of: (a) accumulated plastic strain and (b) plastic damage after pin interference fit of 2%.

Table 7
Predicted fatigue lives using different ΔN for an open hole specimen. under
maximum stress of 240 MPa.

ΔN 50 100 250 500 1000
NF 10,750 10,800 11,000 11,500 12,000
ΔN=NF 0.0056 0.014 0.028 0.056 0.085

Y. Sun et al. / International Journal of Mechanical Sciences 107 (2016) 188–200 195
Fig. 14 shows the distribution of the accumulated plastic strain
and the plastic damage after pin interference fit. The plastic strain
and damage are symmetrically distributed along the circumference
of the hole. The maximum plastic strain is shown to be localized
near the entrance edge with a magnitude of 0.123. The maximum
damage is also shown to be localized near the entrance edge with a
magnitude of 0.00136. The distributions of the plastic strain and
damage are related to the stress triaxiality that occurs during the
pin interference fit process.
5.2. Predicted fatigue damage results

5.2.1. Predicted fatigue lives and crack nucleation locations
Three different methods were used to predict the fatigue life of

the specimens after the analysis of hole cold expansion or pin
interference fit process, as follows:

1. The critical plane SWT method calculates the fatigue life using
the SWT model (Eq. (20)) and cyclic stresses obtained from FE
analysis of a stabilized fatigue cycle.

2. The integrated NLCD method calculates the fatigue life using the
integrated NLCD model (Eq. (19)) and cyclic stresses obtained
from FE analysis of a stabilized fatigue cycle, without coupled
damage accumulation.

3. The proposed approach predicts the fatigue life using the FE
model coupled with incremental damage accumulation and
associated material degradation, in which the damage is cal-
culated based on Eq. (11) and the NLCD model (Eq. (14)).

The cycle jumping factor ΔN can thus affect the predicted
fatigue life. The convergence of the numerical simulation scheme
was verified using an open hole specimen at a maximum stress
level of 240 MPa. Five values of ΔN (e.g., 50, 100, 200, 400 and
1000) were used to calculate the fatigue lives of the specimen.
Table 7 shows the predicted lives NF at different values of ΔN.
It is shown that a convergent result can be obtained when
ΔN=NFo0:02.
Fig. 15 shows the predicted fatigue lives versus the experi-
mental results (Fig. 4(a)) for the open hole and hole cold expanded
specimens. As shown in Fig. 15(a), the proposed approach predict
the fatigue lives accurately, while the integrated NLCD and SWT
model both underestimates the fatigue lives especially at high
stress levels. For the hole cold expanded specimens (Fig. 15(b)), the
proposed approach and SWT model are shown to give better
overall agreement with the experimental data, while the inte-
grated NLCD underestimates the fatigue lives. Fig. 16 shows the
predicted life versus the experimental life (Fig. 4(b)) for the pin
interference fit specimens with interference fit level of 2% and 4%.
As shown, the predicted fatigue lives using the proposed approach
are in good agreement with experimental results, while the inte-
grated NLCD provides underestimated predictions. The SWT
model results are generally in agreement with experimental
results, but the results show significant deviation at high stress
levels.

The error index (ER) is used to evaluate the deviation between
the predicted lives and experimental fatigue lives [35]:

ER¼ log ðNpredicted=NexperimentalÞ

ER%¼ 1
n

Xn
i ¼ 1

ERij j
 !

� 100 ð30Þ

Table 8 presents the average absolute errors of different life
prediction methods. It is shown that the error of the proposed
approach is the smallest, while the error of the integrated NLCD is
the largest. The proposed approach shows significantly superior
performance to the integrated NLCD and SWT results. The CDM
coupled with FE analysis provides an insight into fatigue damage
evolution and stress redistribution at the critical location and
hence predicts longer lives compared with the integrated formula
(Table 8).

Fig. 17 shows the predicted damage fields and crack nucleation
locations for the open hole, hole cold expanded and pin inter-
ference fit specimens. For the open hole specimens under a remote
stress of 240 MPa (Fig. 17(a)), the predicted crack is shown to
nucleate at the median-thickness of the hole surface. For the hole
cold expanded specimens under a remote stress of 258 MPa
(Fig. 17(b)), the crack is predicted to nucleate from the entrance
edge at the smallest section within a small region. The predicted
result for the hole cold expanded specimens shows good agree-
ment with the experimental result in Fig. 18(a). For the pin inter-
ference fit specimen experiencing a remote stress of 311.1 MPa, the
crack is predicted to nucleate from the entrance edge within a
relatively large region, which agrees well with the experimental



Fig. 16. Comparison of the experimental and predicted fatigue lives for specimens with pin interference fit of: (a) 2.0% and (b) 4.0%.

Fig. 15. Comparison of the experimental and predicted fatigue lives for (a) open hole and (b) hole cold expanded specimens.

Table 8
The average absolute errors of different life prediction methods.

Open hole Hole cold
expansion

Interference fit
2%

Interference fit
4%

SWT 47.6 33.4 24.6 31.1
Integrated
NLCD

58.1 54.6 48.9 76.2

Proposed 14.2 12.3 12.5 8.2
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result in Fig. 18(b). Moreover, damage is shown to occur in the
smallest cross section, which is explained by the fact that material
in this region is prone to damage due to the combined effect of
tensile residual stress and cyclic stress.

5.2.2. Predicted stress–strain curve and damage accumulation
Fig. 19 shows the longitudinal stress–strain curves at the crack

nucleation location for the open hole, hole cold expanded and pin
interference fit specimens under a remote stress of 258 MPa. For
the open hole specimens (Fig. 19(a)), the maximum stress σX is
shown to decrease as the number of loading cycles increases,
which can be attributed to the stress redistribution due to the
accumulated fatigue damage. It is also shown that cyclic plastic
strain occurs at the end of the simulation due to fatigue damage
and softening of the material. The strain εX is shown to increase
significantly, which is a result of the reduction in the stiffness. For
the hole cold expanded specimen (Fig. 19(b)), the maximum stress
σX is shown to decrease with an increasing number of loading
cycles. The stress–strain hysteresis loop remains approximately
linear during the fatigue cycling, which indicates that an elastic
damage evolution for the specimens is predominant. For the pin
interference fit specimen (Fig. 19(c)), plastic strain occurs during
the first cycle, the maximum values of σX is also shown to decrease
as the number of cycles increases. The stress–strain hysteresis loop
is also shown to be linear during the fatigue cycling. Opposite to
the open hole specimen, the maximum strain and strain amplitude
of the hole cold expanded and pin interference fit specimens are
shown to change little during the fatigue cycling. It is explained
that the damage of the hole cold expanded and pin interference fit
specimens are localized within a small region, and that the adja-
cent material produced much smaller damage due to significant
residual stress, thus the maximum strain εX is shown to change
little during the fatigue cycling. Fig. 20 shows the predicted
damage accumulation for the open hole, hole cold expanded and
pin interference fit specimens under a remote stress of 258 MPa.
For the open hole specimen, the damage is shown to be low
initially, but accumulates rapidly as the number of loading cycles
increases. For the cold expanded specimen, the damage is shown
to accumulate rapidly at the beginning of the fatigue cycling, but
accumulates smoothly as the number of cycles increases. For the



Fig. 17. Predicted damage field and fatigue crack nucleation locations for different specimens.

Fig. 18. Experimental fatigue crack nucleation location for the hole cold expanded [28] and pin interference fit [2] specimens.

Fig. 19. Stress–strain curve of integration points at crack nucleation location for: (a) open hole, (b) hole cold expanded and (c) pin interference fit specimens.
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pin interference fit specimen, the damage is shown to accumulate
smoothly as the number of loading cycles increases. The damage
accumulation curves of the hole cold expanded and pin inter-
ference fit specimens remain approximately as a line during the
fatigue cycling, while the curve of the open hole presents sharply
rising toward the end of the fatigue cycling. According to the
principle of strain equivalence [27], the strain constitutive equa-
tion of a damaged material is derived from the same formalism as
for a non-damaged material. Therefore, the increasing strain and
strain amplitude in the damage evolution of open hole specimen
will yield increasing damage accumulation rate; while the con-
stant strain and strain amplitude in the damage evolution of hole
cold expanded or pin interference fit specimen will yield constant
damage accumulation rate. It can be concluded that the cyclic
stress–strain at the crack nucleation location of the hole cold
expanded and pin interference fit specimens will be beneficial to
the fatigue life improvement. Moreover, the initial plasticity
damage that occurs during the hole cold expansion or pin inter-
ference fit process is relatively small in comparison to the critical
value of fatigue crack nucleation of D¼ 1, which has little influ-
ence on fatigue life of the specimens.

The beneficial effect of hole cold expansion and interference fit
is not only due to the reduction in maximum stress or stress
amplitude, but also because of the change in the damage evolution
at the critical location. Based on the simulation results, the effects
of hole cold expansion and interference fit on the fatigue life
improvement of fastener hole are summarized as follows:
Fig. 20. Predicted damage accumulation for the open hole, hole cold expanded and
pin interference fit specimens.

Fig. 21. Longitudinal stress σX at the entrance edge for
1. The hole cold expansion and pin interference fit reduce the
maximum stress and the stress amplitude at the critical posi-
tion, respectively.

2. The initial plasticity damage that occurs during the hole cold
expansion and pin interference fit process has little influence on
fatigue life in this study.

3. The damage evolutions of hole cold expanded and pin inter-
ference fit specimens are dominated by elastic damage during
the fatigue process.
5.2.3. Effect of the hole cold expansion and pin interference fit on
cyclic stress

To investigate the level of hole cold expansion and cyclic
loading on fatigue life improvement, the longitudinal stress σX at
the entrance edge for the open hole and five batches of cold
expanded hole (ranging from 2% to 6%) specimens under max-
imum stress of 150 and 258 MPa are shown for two cycles in
Fig. 21, in which the maximum loads are exerted at the time of the
end of the first half and the third half of the fatigue cycling. For the
150 MPa case (Fig. 21(a)), the maximum stresses σX of five batches
of cold expanded hole specimens are shown to be reduced by
more than 300 MPa. As the cold expansion level is increased, the
maximum stress is shown to have little additional decrease. For
the 258 MPa case (Fig. 21(b)), the maximum stresses of five bat-
ches of cold expanded hole specimens are shown to be reduced by
less than 150 MPa. The maximum stress shows little additional
decrease as the cold expansion level increases. The reduction in
maximum stress for cold expansion is shown to be more efficient
at low stress levels than high stress levels. It is explained that
plastic deformation and compressive residual stress occurs at the
critical location of open hole specimen under high stress level and
thus the beneficent effect of cold expansion will be discounted.

The longitudinal stress σX at the smallest section for the open
hole and four batches of pin interference fit specimens under
remote stress of 258 and 364.4 MPa are shown for two cycles in
Fig. 22. For the 258 MPa case (Fig. 22(a)), the stress amplitudes of
the four batches of pin interference fit specimens are shown to be
significantly reduced, but the stress amplitude remain constant as
the interference fit level increases from 1.0% to 4.0%. The max-
imum stress is shown to slightly increase as the interference fit
level increases. For the 364.4 MPa case (Fig. 22(b)), the cyclic stress
for the four batches of pin interference fit specimens show similar
results to the 258 MPa case.
the open hole and cold expanded hole specimens.



Fig. 23. Predicted LIF versus hole cold expansion level.

Fig. 22. Longitudinal stress σX at the entrance edge for the open hole and pin interference fit specimens. (a) Remote stress of 258 MPa, (b) remote stress of 364.4 MPa.

Fig. 24. Comparison of experimental and predicted LIF versus interference fit level.
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5.2.4. Effect of the cold expansion and interference fit on fatigue life
A fatigue life improvement factor LIF (LIF¼NF=NF;open¼fatigue

life of cold expanded or interference fit specimen/fatigue life of
open hole) is used to describe the efficiency of fatigue life
improvement.

Fig. 23 shows the predicted LIF versus cold expansion level
(ranging from 2% to 6%) under remote stress of 150 and 258 MPa,
respectively. For the 150 MPa case, the LIF is shown to increase as
the cold expansion level increases from 2% to 5%, and to decrease
from 5% to 6%. For the 258 MPa case, the LIF is shown to increase
as the cold expansion level increases from 2% to 5%, but there is
little additional improvement shown from 5% to 6%. The trend of
fatigue life improvement is shown to be in general agreement with
the analysis of cyclic stress. Moreover, the LIF for the 150 MPa case
is shown significantly greater than the 258 MPa case. It can also be
concluded that 5% is the best value of cold expansion for the
studied specimen.

Fig. 24 shows the comparison of experimental and predicted
LIF versus interference fit level (ranging from 1% to 4%). The pre-
dicted LIF is shown to increase as the interference fit level
increases from 1% to 2%, and to decrease from 2% to 4%. The pre-
dicted results show agreeing well with the experimental results
and the analysis of cyclic stress. Since the predicted fatigue lives
are determined by the stress amplitude, mean hydrostatic stress
and maximum von Mises stress, the trend of LIF does not fully
agree with the trend of cyclic stress analysis.
6. Conclusions

The fatigue damage evolution at holes in plates treated by cold
expansion or with interference fit pins is simulated by the con-
tinuum damage mechanics approach combined with the finite
element method. The damage-coupled Chaboche plasticity con-
stitutive model and damage evolution equations are used to model
the material, which is implemented by UMAT in ABAQUS. The
simulations are carried out in two main phases, the process of the
hole cold expansion or pin interference fit and the subsequent
fatigue damage evolution. The effects of cold expansion and
interference fit on fatigue damage at holes in a plate are investi-
gated quantitatively. Some key findings of this study are:

1. The proposed approach provides an insight into the fatigue
damage evolution and associated material degradation of the
cold expanded and pin interference fit fastener holes. The pre-
dicted fatigue lives and crack nucleation locations are in good
agreement with the experimental results, the performance of
proposed approach shows superior results to the critical-plane
SWT method.

2. The beneficial effect of cold expansion and interference fit on
the fatigue life improvement of fastener holes is not only due to
the reduction of maximum stress or stress amplitude, but also
due to the change in the fatigue damage evolution at the critical
location.
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3. The effect of hole cold expansion on fatigue life improvement is
shown to be more efficient at low stress levels than that at high
stress levels. The fatigue life improvement is shown to increase
as the cold expansion level increases from 2% to 5%, but there is
little additional improvement from 5% to 6%. The best cold
expansion level for the studied specimens is predicted to be 5%.

4. The fatigue life improvement for the interference fit specimen is
shown to increase as the interference fit level increases from 1%
to 2%, and to decreases from 2% to 4%. The best interference fit
level for the studied specimens is predicted to be 2%. The pre-
dicted results agree well with the experimental results.
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