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Failure of bolts exposed to tension is generally avoided in the design of bolted connections due to the smaller
deformation capacity of bolts than the connected plates. This is one of the reasons why few studies focus on the
tensile failure behaviour of bolts. However, failure behaviour of bolts is essential for the advanced finite element
analysis especially relevant to the deformation capacity and failure mode of bolted connections. This paper
presents a numerical study on the fracture of partially threaded bolts under tension incorporating damage
models, with which the failure mechanism of bolts can be better understood. The post-necking stress—strain
relation is firstly calibrated to describe the behaviour of bolt threaded parts at large deformation. Then, direct
tension tests on partially threaded bolts with different threaded lengths within the grip are modelled using
ABAQUS with the explicit solver. Two criteria for fracture are investigated: the void growth model (VGM) and a
model proposed by Bao and Wierzbicki (BW). The former is adopted to simulate the tensile fracture of bolts and
the latter is used to predict the thread stripping failure. Results indicate that bolt failure modes of tensile fracture
and thread stripping can be well predicted by combining the calibrated post-necking stress-strain relation and a
suitable fracture criterion in the analysis. It is revealed that the large plastic strain in the threads introduced by

thread rolling process is a major reason for the thread stripping failure.

1. Introduction

For the design of a bolted end-plate connection in beam-column
joints, its moment resistance and rotational stiffness can be predicted
according to the component method proposed in EN 1993-1-8 [1]. The
joint could be assumed to have sufficient rotation capacity for plastic
analysis, provided that the moment resistance is governed by column
flange in bending or beam end-plate in bending rather than the failure of
bolts exposed to tension. Hence, failure of bolts exposed to tension is
generally avoided in the design of bolted connections due to the smaller
deformation capacity than the connected plates. In addition, it seems
difficult to estimate the ultimate rotation capacity for an end-plate
connection theoretically, as the deforming behaviour of each compo-
nent has not been investigated in depth. For the simple case of bolts
under tensile loading, the deformation capacity is commonly considered
to be relatively small and the failure is only recognized much less ductile
than the connected plates. However, for the advanced finite element
analysis of bolted connection especially relevant to the deformation
capacity and failure mode, the failure behaviour of bolts exposed to
tension needs to be considered in detail.
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In the experiments conducted by Coelho et al. [2], it was observed
that bolt failure including tensile fracture and thread stripping would
govern the final failure of an extended end-plate connection. In the ex-
periments conducted by Grimsmo et al. [3], end-plate connections were
devised with an intended end-plate bending deformation combining
with bolt tensile fracture. It was observed that using one nut per bolt led
to thread stripping failure and two nuts led to bolt tensile fracture. Two
nuts per bolt produced a larger moment resistance and two times rota-
tion capacity compared to one nut per bolt in the connections. Accord-
ingly, it is necessary to investigate the deforming behaviour of bolts to
provide insights into the failure process of bolted connections.

In the tests conducted by Moore et al. [4], a total of 1533 structural
bolts, consisting of four strength grades and six diameters, were tested in
direct tension and shear to investigate the tensile and shear strength of
structural bolts. In the last part of the report [4], it was indicated that the
ductility of high-strength bolts would depend on the number of threads
included in the grip length, and equations to predict the stiffness and
ductility of high-strength bolts under tension would be very useful.
Renner and Lange [5] experimentally investigated the load-bearing
behaviour of high-strength bolts in combined tension and shear. It was
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deduced that the ductility of the base material might play a bigger role in
the load-bearing behaviour under combined tension and shear, as bolts
grade 4.6 had a larger ratio of shear strength to tensile strength than
bolts grade 8.8.

In terms of the bolt deforming behaviour, Fransplass et al. [6]
studied the behaviour of threaded rods at elevated strain rates. Two
failure modes including thread stripping and tensile fracture were
observed in tests. The threaded assembly tests showed that the number
of threads within the grip could alter the failure mode. A short grip
length would lead to the reduction of thread shear area because diffuse
necking occurred in thread engagement length. Grimsmo et al. [7]
experimentally and numerically investigated the failure behaviour of
M16 bolt (grade 8.8) and nut assemblies under tensile loading. It was
found that threaded length within the grip of partially threaded bolts
governed the failure mode of bolt assemblies. If the threaded length
within the grip is less than the bolt diameter, the failure mode would be
thread stripping, which is a rather brittle failure and should be avoided
in practise. Although the failure mode of partially threaded bolts under
tensile loading has been investigated experimentally and numerically,
the failure mechanisms, especially for the thread stripping failure, are
still needed to be studied further.

For the numerical analysis, it is becoming prevailing to incorporate
damage model into the finite element analysis (FEA) of steel structures
[7-10]. For example, Amadio et al. [10] recently proposed a refined
finite element modelling approach to predicting structural behaviour of
steel-concrete composite welded joints under cyclic loadings. The
micromechanics-based GTN plasticity model is used to simulate the
damage of steel plate in the welded joint. The numerical predictions
agree well with the experimental results both in terms of global and local
behaviours. Generally, two major mechanisms cause steel to fracture,
which are ductile fracture due to the nucleation, growth, and coales-
cence of voids, and shear fracture due to shear band localization
[11-13]. Therefore, it is worth implementing the fracture simulation for
bolts under tensile loading to check the applicability of steel damage
models and explain the bolt fracture mechanism.

The objective of this paper is to present a numerical method to
simulate the fracture of partially threaded bolts and provide insights into
the fracture mechanism of bolts under tensile loading. This research is
relevant for example, in bolted beam-column connection especially
when high-strength steel is used and in pretension connection in bridges
and in towers supporting wind turbines because of evidence of over-
tightening. Direct tension tests on M16 grade 8.8 partially threaded
bolts are analysed based on the experimental results reported in [7].
Post-necking stress-strain relation of the bolts is calibrated based on the
combined linear and power stress-strain law. Two criteria for fracture,
the void growth model (VGM) [14-17] and a model proposed by Bao
and Wierzbicki (BW) [18,19], are adopted to simulate the fracture of the
bolts with different threaded lengths in the grip.

/=160
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2. Finite element models
2.1. Available tension tests

In the direct tension tests conducted by Grimsmo et al. [7], 7 groups
of partially threaded bolts with different threaded lengths within the
grip and 2 groups of fully threaded bolts were tested to examine the
tensile behaviour especially for the failure mode of bolt assemblies. It
shows that fully threaded bolts have larger deformation capacity with
bolt tensile fracture failure. Partially threaded bolts have two distinct
failure modes including thread stripping failure and tensile fracture
failure. The former is a brittle failure and the latter has a certain
ductility. Dimensions of the partially threaded bolt assemblies in the
study by Grimsmo et al. [7] are shown in Fig. 1. The bolts are M16 x
160 mm of grade 8.8 manufactured according to ISO 4014 [20]. Prop-
erty class of the nuts is 8 manufactured according to ISO 4032 [21]. The
unthreaded length for M16 bolt is 113 mm and the threaded length is 47
mm. Five tension tests with grip lengths 118, 122, 126, 130, and 141 mm
are selected in this paper to numerically study the failure mechanism of
partially threaded bolts under tensile loading. The threaded lengths
within the grip are 5, 9, 13, 17, and 28 mm, respectively, as shown in
Fig. 1.

An equivalent tensile loading model shown in Fig. 2 is used in this
paper to simulate the actual tests, since a part of deformation of the test
set-up is included in the measured displacement. The equivalent loading
model consists of a M16 x 80 bolt and an elastic spring connected to bolt
head. The elastic spring is introduced to account on the elastic defor-
mation of the test set-up and the reduced 80 mm bolt shank. Considering
the deformation of a bolt assembly, expressed by Eq. (1.1), tensile
stiffness of the elastic spring is estimated by Eq. (1.2).

T T T
Deformation = ki = E+E 1.1
kyk,

ky = 1.2

r— (1.2)

1=80
L, =33 ‘l P biveas =47
< ¢ >

A
k s

=5,9,13,17,28

Ly

Fig. 2. Equivalent tensile loading model for numerical analyses.
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[
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Fig. 1. Dimensions of partially threaded bolt assemblies (according to [7]).
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In Eq. (1), T is the force in tension; kg, kp, and k¢ denote spring
stiffness, bolt tensile stiffness, and experimental tensile stiffness,
respectively. According to the following calculations, tensile stiffness of
the simulated M16 x 80 bolts can be acquired. Combining the experi-
mental tensile stiffness of bolt assemblies, tensile stiffness of the elastic
spring ks could be estimated. It is taken as 60 kN/mm for the analysis in
this paper.

2.2. Geometric dimensions

Dimensions of bolt and nut threads are of significance for simulation
of bolt assemblies, which may have a major impact on failure mode and
deformation capacity of bolt assemblies. In the study by Grimsmo et al.
[7], actual dimensions of bolt and nut threads were measured and re-
ported, as illustrated in Fig. 3. Major diameters for bolt and nut threads
are 16.36 mm and 15.88 mm, respectively. Minor diameters for bolt and
nut threads are 14.05 mm and 13.36 mm, respectively. The measured
pitch is 2.0 mm and the measured nut height is 14.2 mm [22]. The hole
of the nut has a “bell-mouth” configuration as reported in [7]. This
configuration leads to only three threads in the nut with a full height and
other threads with a reduced height, which would affect the tensile
behaviour due to the reduction of shear area of bolt threads. The “bell-
mouth” configuration is realized in the modelling as shown in Fig. 3,
according to the measured dimensions listed in appendix C of [22].

2.3. Finite element modelling

Five numerically investigated tension tests are denoted as Ten-
sion118, Tension122, Tension126, Tension130, and Tension141. The
number stands for grip lengths in the actual tests. Fig. 4 shows the
configuration of Tension130 test modelled based on ABAQUS [23].
There are four parts in the finite element model including a bolt, a nut, a
circular steel plate, and an elastic spring. As shown in Fig. 4a, the lower
end of the elastic spring is connected to a reference point, which is
coupled to the bolt top surface and constrained in X and Z directions. A
vertical displacement is applied on the upper end of the elastic spring to
realize the tensile loading with a displacement control method. Trans-
lational freedoms of the steel plate top surface are constrained, thereby
the vertical movement of the nut top surface is restrained. General
contact is used to model the contact property between circular steel
plate and nut top surface and between the threads of bolt and nut. The
normal behaviour in the general contact is modelled using “hard” con-
tact in ABAQUS [23], while the tangential behaviour is modelled using
“penalty” friction formulation with “friction coefficient” equal to 0.2.
Values of the friction coefficient depend on the treatment of friction
surfaces, which are defined in EN 1090-2 [24]. The friction coefficient
corresponding to Class D, which is surfaces as rolled, is equal to 0.2.
Therefore, the “friction coefficient” in the numerical analysis is set to 0.2
for bolt and nut assemblies as their surfaces are as rolled in the tests.

Fig. 4b illustrates the mesh of the Tension130 model. For the steel
plate above the nut, its mesh size is set to 1.5 mm with element type
C3DS8R. This plate is modelled as an elastic material with modulus of
elasticity equal to 210 GPa. For the bolt and nut, a 10-node modified
quadratic tetrahedron C3D10M element is adopted to realize the free

14.2
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mesh for threaded parts of the bolt and nut. The quadratic element yields
relatively accurate numerical results. Element size for unthreaded part
of the bolt is set to 1.5 mm, while for threaded part it is 0.5 mm. Element
size for the nut is 0.8 mm. Fig. 4c shows the bolt detailed geometric
configuration from unthreaded part to threaded part, which is a gradual
transition as in a real bolt to make the stress transfer smooth. This
transition is essential for bolt simulation especially for bolts with a short-
threaded length within the grip. An unrealistic transition may result in a
failure initiated from the transition region. Fig. 4e shows the engage-
ment of bolt and nut, where clearance between bolt threads and nut
threads can be clearly seen. A larger clearance would reduce shear area
of the threads, thereby tensile strength, ductility, and failure mode of
bolts may be altered. In this paper, the fracture mechanism of bolts
under tensile loading will be investigated based on the measured di-
mensions of bolt and nut threads. Effects of thread clearances on bolt
tensile behaviour are not included.

3. Material properties
3.1. Pre-necking properties

Tensile coupon tests were performed on specimens machined from
M16 partially threaded (PT) and fully threaded (FT) bolts to specimens
with a reduced diameter of 12 mm [7]. Since the machined part in PT
bolt specimen locates in unthreaded part of the bolts, the measured
engineering stress-strain curves for PT bolts only represent the behav-
iour of unthreaded part, whereas the measured engineering stress-strain
curves for FT bolts represent the behaviour of threaded part. The stress-
strain behaviour of threaded part of PT bolts is slightly different from the
corresponding unthreaded part, because thread rolling process for pro-
ducing the external threads of bolts introduces large plastic strain in the
threaded region, as analysed in [25-28]. Effects of thread rolling process
on thread failure behaviour will be discussed in the following analysis.

In the numerical analysis, true stress-strain relation needs to be
input. The pre-necking true stress-strain relation can be converted from
the pre-necking engineering stress-strain curve measured in tensile
coupon tests. Egs. (2.1) and (2.2) is the conversion equations.

e =In(l+e,) (2.1)

o, =o0,(l+e¢,) (2.2)

In Eq. (2), o., € represent the engineering stress and strain; o, €
denote the true stress and strain. Fig. 5 shows the measured engineering
stress-strain curves and the converted true stress-strain curves based on
Eq. (2) for PT and FT bolts before the onset of necking. As shown in
Fig. 5, the true stress will be much larger than the engineering stress
with the increase of engineering strain for the same material. Yield and
ultimate strengths of PT bolts are higher than those of FT bolts. The
engineering strain corresponding to ultimate strength of FT and PT bolts
is 0.07 and 0.065, respectively, indicating that the FT bolts have a larger
tensile deformation capacity than PT bolts at least at the uniform
deforming stage.

Apart from tensile coupon tests, hardness tests were also conducted
for PT and FT bolts on their threaded parts [7]. The average hardness

12.0

Fig. 3. Measured dimensions of nut and bolt threads (according to [7,22]).
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Element: C3D10M
Size: 1.5 mm

Element: C3D10M
Size: 0.5 mm

Element: C3D10M
Size: 0.8 mm

Fig. 4. FE model illustration (Configuration for Tension130 test modelling).
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Fig. 5. Pre-necking engineering and true stress—strain curves of PT and
FT bolts.

values were 301 HV and 293 HV for PT and FT bolts, respectively. The
hardness of threaded part of PT bolts is about 3% higher than that of FT
bolts. The hardness of a material is commonly assumed proportional to
its yield strength. However, the yield strength of PT bolts, measured
from bolt unthreaded part, is 14% higher than that of FT bolts.
Accordingly, it is assumed here the stress-strain relation for threaded
part of PT bolts is closer to the measured relation of FT bolts. The ra-
tionality will be proved in the following calibrations of the material
properties.

3.2. Post-necking properties

The post-necking true stress-strain relation cannot be directly
derived from the engineering stress-strain curves due to the strain
localization effect. Ling [29] proposed a combined linear and power
post-necking true stress-strain relations, which could be calibrated just
using a weighting factor W for the investigated metallic material, as
expressed in Eq. (3). The expression is extended by Yang and Veljkovic
[30,31] to describe post-necking degraded stress-strain relation of high-
strength steels with a weighting factor W less than zero.

6, = (W)(ag, +b) + (1 — W) (Ke}) ®

In Eq. (3), @ = 6¢y, N = &y, b = a(l —n), K = a/n",. oy, and &,
denote the true stress and true strain at the onset of necking,
respectively.

Fig. 6 shows the true stress-strain relations for PT and FT bolts
described by the combined linear and power law of Eq. (3), in which
weighting factor W is set to 0.2, 0, and —0.2 for FT bolts and 0 for PT
bolts. The post-necking stress for FT bolts is increasing with the increase
of plastic strain when W is larger than zero, as shown in Fig. 6a, and the
post-necking stress will slightly decrease when W is equal to —0.2. A full
range stress-strain relation till fracture for PT bolts is proposed in [7]
with four calibrated parameters, as expressed in Eq. (4).

2 .
0, =0y + Z QO; (1 — exp( — % (sp — sp‘pla,) ) ) 4
=1 i

In Eq. (4), 0, is the yield stress; Q; and 6; are the hardening constants
of the extended Voce hardening rule; ¢, is the equivalent plastic strain;
and g, is the equivalent plastic strain at the end of the yield plateau.
The true stress-strain relation by Eq. (4) is illustrated in Fig. 6b and
compared to the combined linear and power relations expressed by Eq.
(3). The post-necking true stress—strain described by Eq. (3) with W =
0 is close to the relation by Eq. (4) when plastic strain is less than 0.5. For
larger plastic strain, Eq. (4) provides slightly larger true stress. For the
material property of the nut, its true stress is taken as 0.8 times of the
true stress of FT bolts at the same plastic strain, as the measured hard-
ness value for the nut is about 0.8 times of that for FT bolts.

3.3. Calibration of the material properties

Material properties of PT bolts are calibrated according to the direct
tension experimental results of PT bolts. Quasi-static numerical analyses
on Tension130 and Tension141 tests are carried out to calibrate the bolt
material properties using the explicit solver in ABAQUS [23]. The target
time increment is set to 0.002 s and the duration of the tensile step is
200 s. Mises criterion is employed to describe the yield surfaces with the
associated plastic flow. The numerical tension-displacement curves are
obtained by postprocessing the force in tension and displacement
occurred in the upper end of the spring, as shown in Fig. 4a. For Ten-
sion130 test, material properties are input as the true stress-strain
relation based on the measured properties of PT bolts. Its post-necking
stress-strain relation is described by Eq. (3) with W equal to zero, as
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Fig. 6. True stress-strain curves for PT and FT bolts.

shown in Fig. 6a. The numerical tension-displacement curve compared
to the experimental result are shown in Fig. 7. The initial tensile stiffness
and the decreasing trend at the load-descending stage is well predicted.
However, the tension in the non-linear stage is slightly overestimated
compared to the experimental result. It could be inferred therefore that
the measured tensile strength from the unthreaded part of PT bolts
would be slightly larger than the actual average strength in the threaded
part of PT bolts due to the thread rolling process.

Material properties based on the measured pre-necking behaviour of
FT bolts and the combined linear and power post-necking behaviour
with weighting factor equal to 0.2, 0, and —0.2, as shown in Fig. 6a, are
analysed for Tension130 model. Fig. 8a presents the numerical tension-
displacement curves compared to the experimental results of Ten-
sion130 test. It can be concluded that using weighting factor W= 0 gives
the closest prediction to the experimental result for Tension130 test.
Clearly, a larger weighting factor would result in a relatively larger
tension at the load-descending stage. For Tension141 test, as shown in
Fig. 8b, post-necking properties with weighting factor W = 0 also give a
good prediction for the descending stage of the experimental tension-
displacement curve. Consequently, it is considered that the bolt post-
necking behaviour can be well described using the combined linear
and power stress-strain relation with weighting factor W = 0.

180
Tension130
150
120

90

60

Tension (kN)

—— Experimental result

304 —— FEA result (PT W=0)

0 T T T
0 2 4 6 8 10

Tensile diplacement (mm)

Fig. 7. Numerical tension-displacement curve compared to experimental result
for Tension130.

4. Calibration of the fracture criteria
4.1. RT fracture criterion

Using the full-range true stress—strain relation of bolts including the
calibrated post-necking stress—strain relation, the elastic and plastic
behaviour of bolts under tensile loading can be well predicted as illus-
trated in Fig. 8. However, fracture of bolts under tensile loading cannot
be estimated if the fracture behaviour of bolt material is not considered
in numerical analysis. In last decades, the Void Growth Model (VGM)
has been developed to predict the ductile damage and fracture of ma-
terials based on the relationship between the growth rate of voids and
stress triaxiality [14-17], which is an exponential function found by
Rice and Tracey through analysing a spherical void in a simple tension
strain rate field [32]. The VGM will be used to predict the fracture of the
bolts under tensile loading.

In the VGM, material fracture is predicted to occur when the Void
Growth Index (VGI) gets to a critical value, VGIritical- This corresponds
to the voids growing large enough to trigger necking instabilities be-
tween voids resulting in coalescence and macrocrack formation
[14-17]. In the following analysis, the VGM based on the Rice-Tracey
function is denoted as RT fracture criterion, which is a function of
fracture equivalent plastic strain to stress triaxiality as expressed in Eq.

5).
& (n) = a-exp(pn) = 2.0-exp( — 1.5-n) (5)

In Eq. (5), & is the fracture equivalent plastic strain.  denotes the
stress triaxiality equal to -p/q, in which p and q are pressure stress and
Mises equivalent stress, respectively. « and f are two material constants.
pis generally taken as —1.5 [14-17], while « is similar to VGlyitical in the
VGM and can be taken as 2.0 according to the experimental calibration
conducted by Dzugan et al. [33] for ferritic steels.

4.2. BW fracture criterion

Bao and Wierzbicki [18,19] conducted a series of tests including
compression tests, shear tests, and tension tests on aluminium alloy. It is
concluded that for negative stress triaxiality, fracture is governed by
shear mode. For larger stress triaxiality, void growth is the dominant
failure mode, while at stress triaxiality between above two regimes,
fracture may develop as a combination of shear and void growth modes.
The fracture criterion proposed by Bao and Wierzbicki is denoted as BW
fracture criterion, which is a function of fracture equivalent plastic
strain to stress triaxiality as expressed in Eq. (6).
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Fig. 8. Calibration of bolt post-necking stress—strain relations.
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In Eq. (6), C; and C; are two material constants governing the shear
fracture and tensile fracture behaviour and can be calibrated based on
pure shear test and uniaxial tension test, respectively.

Fig. 9 illustrates the dependence of fracture equivalent plastic strain
(PEEQ) on stress triaxiality in RT and BW fracture criteria. For the BW
fracture criterion, 7, can be taken as 1/3 corresponding to the stress
triaxiality under pure axial tension, since the fracture PEEQ at the pure
tension state could get to the maximum value. As illustrated in Fig. 9,
two constants C; and Co determine the fracture PEEQ at each stress
triaxiality. Although the BW fracture criterion is put forward based on
tests on aluminium alloy, this fracture criterion could also be used to
simulate the fracture of steel material through calibrating material
constants C; and Cy. Hai et al. [34] recently reported a numerical
simulation on cyclic loading experiments of S690 high strength steel
beam-columns bending about strong axis. The BW fracture criterion was
incorporated in the numerical simulation. The simulated hysteretic
curves and failure modes both provide good agreements with the
experimental results. Song et al. [35] recently reported a comprehensive

1 17 11

Shear fracture : Mixed : Fracture due to void formation

2.0

—— RT Fracture a=2.0

----- BW Fracture Ci=0.3 C=1.5
""" BW Fracture C=0.2 C~=1.4
----- BW Fracture Ci=0.1 C=1.3

1.5+

Fracture PEEQ
s

00 3'770:1/3

-0.5 0.0 0.5 1.0 1.5 2.0
Stress triaxiality 77

Fig. 9. Dependence of fracture PEEQ on stress triaxiality (RT and BW frac-
ture criteria).

study on the behaviour of austenitic stainless bolts under combined
tension and shear. The BW fracture criterion was calibrated to simulate
the bolt behaviour under pure tension and shear. Reasonable predictions
for bolt fracture behaviours were obtained. In the following analysis,
material constants for bolts will be calibrated according to pure tension
and shear tests.

For steel fracture simulation using ABAQUS [23], steel fracture is
realized through defining damage initiation criterion and damage evo-
lution law. Only the fracture modes of bolts are concerned in this study,
excluding the investigation on crack evolution or fracture process of
bolts. Therefore, the above RT and BW fracture criteria are taken as the
damage initiation criterion. Damage evolution law is defined by the
displacement type with a very small displacement at failure, such as
0.001, to achieve the sudden fracture shortly after the damage initiation.
Detailed description for investigation of the fracture process with the
energy-based approach can be found in [33,36]. Damage initiation will
occur when the condition expressed by Eq. (7) is satisfied.

dgpl
o= 5w @

In Eq. (7), wy denotes the damage index, ! is the equivalent plastic
strain (PEEQ), and & (n) is the fracture PEEQ as expressed by Egs. (5) and
(6). Here, “damage” can be understood as “fracture” since the fracture is
very close to the initial damage in the numerical analysis of this paper.

4.3. Fracture criteria calibration

Two material constants in the BW fracture criterion needs to be
calibrated for the fracture simulation of bolts under tensile loading. In
the study by Pavlovi¢ [37], tension and pure shear tests were conducted
on M24 grade 8.8 bolts. Tension and pure shear tests are simulated here
to validate the RT fracture criterion and calibrate the BW fracture cri-
terion. The tensile coupon has a 10 x 4 mm rectangular cross-section in
the gauge part and the parallel length is 44 mm. Firstly, the post-necking
stress—strain relation is calibrated based on the combined linear and
power stress-strain law expressed as Eq. (3). It indicates that the com-
bined stress—strain law with weighting factor W = 0 describes the post-
necking behaviour of M24 bolt material very well, as shown in Fig. 10a.
The RT fracture criterion and the BW fracture criterion with Cy equal to
1.3, 1.4, and 1.5 are used to simulate the tensile fracture. Fig. 10b il-
lustrates the numerical engineering stress—strain curves compared to the
experimental curve. It indicates that both the RT fracture criterion and
the BW fracture criterion can accurately simulate the fracture of the
tensile coupon. Although only one tensile coupon test reported in the
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Fig. 10. Calibration of the tensile fracture (Experiment from [37]).

study by Pavlovi¢ [37] is used to calibrate the post-necking behaviour of
M24 bolt material, results shown in Fig. 10a still verify that the post-
necking behaviour of bolt material can be described by Eq. (3) with
W =0, same as the investigated PT bolts in this paper. The validity of the
calibrated parameters in fracture criteria will be discussed further in the
following fracture simulation of PT bolts.

Fig. 11 shows the deformation and PEEQ contour plots of the tensile
coupon after the initial fracture governed by RT fracture criterion and
BW fracture criterion with Cy = 1.4. The tensile fracture initiates from
the core of the critical necking region. Using the BW fracture criterion
with Cy = 1.4, fracture of the tensile coupon could be predicted almost
the same as using the RT fracture criterion. The maximum PEEQ locates
in the core of the critical necking region and has a value of about 0.86
under both fracture criteria. This is because the average stress triaxiality
is about 0.5 in the core of the critical necking region, and the fracture
PEEQ governed by the BW fracture criterion with Co = 1.4 is close to that
governed by RT fracture criterion for the tensile coupon, as shown in
Fig. 9. Therefore, the BW fracture criterion with C, = 1.4 will be adopted
in the following analysis.

Shear tests on M24 grade 8.8 bolts implemented in [37] are simu-
lated with the calibrated stress-strain relation and the BW fracture cri-
terion. Fig. 12a shows the numerical compression-displacement curves
compared to two experimental curves BS2 and BS3. Plastic stage of the
experimental curves can be approximately predicted including the bolt

PEEQ

(Avg: 75%)
0.856
0.734
0.612
0.489
0.367
0.245
0.122
0.000

Z X

a) Fracture by RT criterion

shear strength, while the initial push-out stage cannot be accurately
simulated since there are still some differences between the numerical
and experimental boundary conditions and friction status. It is evident
the shear ductility grows with the increase of material constant C;. For
the unthreaded part of M24 bolts, using BW fracture criterion with C; =
0.30 gives good approximation for the actual shear failure. Fig. 12b
shows the deformation and PEEQ contour plot of the bolt close to shear
fracture using the BW fracture criterion with C; = 0.30, in which the
deformation scale factor is 1.0. The bolt will be cut off simultaneously
from two shear planes. The PEEQ in the shear planes is the major
concern since shear fracture would occur from these regions. The red
regions in the shear planes shown in Fig. 12b have PEEQ value as large
as 0.3, and the maximum PEEQ 0.824 occurs in hole edges of the push-
out plate. Therefore, value of C; in the BW fracture criterion represents
the maximum PEEQ in the critical shear plane close to fracture.

5. Fracture simulations
5.1. Tension-displacement curves

As mentioned above, thread rolling process for producing the
external threads of bolts would introduce large plastic strain in the re-

gion of the threads. Domblesky and Feng [25,26] conducted a systematic
numerical analysis on the thread rolling process. Two-dimensional plane

PEEQ
(Avg: 75%)

0.122
0.000

b) Fracture by BW criterion with C>=1.4

Fig. 11. Deformation and fracture of tensile coupon.
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Fig. 12. Bolt shear fracture simulation using BW fracture criterion (Experiment from [37]).

strain model and three-dimensional model were used to analyse the
plastic strain distribution in and after thread rolling. Numerical results
indicate that the plastic deformation is concentrated near the thread
surface while the shank core is slightly deformed. Measured micro-
hardness results also prove that the plastic strain tends to increase from
the internal of threads to the crest of threads. The plastic strain in
threads around the pitch line would be as large as 0.5-0.8. Therefore,
large work hardening effects occur in external threads during the thread
rolling process, which would increase the material strength but decrease
the material ductility in threads. The fracture PEEQ of threads under
external loading will be reduced due to the introduced large plastic
strain in thread rolling process. More detailed investigations on thread
rolling process have been reported in [27,28].

Given the thread rolling process for forming bolt external threads
introduces large plastic strain in thread regions and reduces the thread
shear fracture PEEQ, constant C; in the BW fracture criterion is reduced
and calibrated to predict the thread stripping failure of bolts with a
short-threaded length within the grip. The calibrated BW fracture cri-
terion with C; = 0.30 and C; = 1.4 is used to simulate the fracture
behaviour of nuts since the internal threads of nuts are manufactured by
cutting process rather than thread rolling process, without work hard-
ening effects occurring in internal thread regions.

Using the calibrated material properties and fracture criteria, tensile
behaviours of PT bolts with various threaded lengths within the grip, as
shown in Figs. 1 and 2, are simulated. Fig. 13 exhibits the numerical
tension-displacement curves based on RT and BW fracture criteria
compared to the corresponding experimental results of PT bolts in ten-
sion tests. For Tension118 and Tension122 tests, numerical results based
on the BW fracture criteria with C; = 0.10, 0.15, 0.20, and 0.30 are
illustrated. For other three tests, numerical results based on the BW
fracture only include C; = 0.10 and 0.30. Note that there is no available
experimental result for Tension126 test in [7], only FEA results are
shown in Fig. 13c.

In the experiments of PT bolts under tension [7], all five Tension118
and Tension122 tests exhibit thread stripping failure and all five Ten-
sion130 and Tensionl41 tests have tensile fracture failure. The five
experimental tension-displacement curves for each group are almost
identical. Whereas three Tension126 tests are thread stripping failure
and other two tests are tensile fracture. In the fracture simulations, using
the RT fracture criterion would only generate tensile fracture failure for
all tests, while using the BW fracture criterion with a small value of C;
leads to thread stripping failure for Tension118 and Tension122 tests. As
shown in Fig. 13a for Tension118 test, tensile deformation capacity of
the bolt has a gradually increasing trend as the increase of C; in the BW
fracture criterion. All failure modes of Tension118 using the BW fracture

criterion are thread stripping failure, which will be discussed in detail in
the following analysis. For Tension122 test as shown in Fig. 13b, thread
stripping failure would occur only when Cj is equal to 0.1. The failure
mode would be altered from thread stripping failure to tensile fracture
failure when C; is larger than 0.1. For other three tension tests shown in
Fig. 13c to 13e, their failure modes are only tensile fracture when C; is
not less than 0.1 in the BW fracture criterion.

Table 1 lists the comparisons between numerical and experimental
results for the investigated PT bolts under tensile loading. The maximum
tensile force or tensile resistance of each bolt can be perfectly predicted,
see the last column of Table 1. The failure displacement ratios indicate
that using BW fracture criterion with C; = 0.1 can predict the bolt
deformation capacity much better than using RT fracture criterion for
Tension118 and Tension122 tests with thread stripping failure modes.
For Tension130 and Tension141 tests, both the BW fracture criterion
with C; = 0.3 and the RT fracture criterion predict the tensile fracture
failure very well, while the BW fracture criterion with C; = 0.1 would
slightly underestimate the force in tension at load-descending stages for
Tension130 and Tension141 tests.

5.2. Damage index and PEEQ

Figs. 14-17 illustrate the damage index (DUCTCRT) and equivalent
plastic strain (PEEQ) contour plots with real deformations (deformation
scale factor equal to 1.0) in the step close to respective fracture for
Tension118, Tension122, Tension130, and Tension141. Fig. 14 shows
the damage index and PEEQ contour plots of Tension118 using the BW
fracture criterion with C; = 0.1 and C; = 0.3 and the RT fracture cri-
terion. Different thread failure modes can be clearly seen. When C; is set
to 0.1 and 0.3 in the BW fracture criterion, the shear fracture of threads
governs the final failure of the bolt. The maximum PEEQs equal to 0.1
and 0.3 locate in the shear plane of bolt threads, and the maximum
PEEQs in the core of the bolt threaded part about 0.08 and 0.20,
respectively. Using the RT fracture criterion, large bending deformation
will occur in bolt threads since the fracture PEEQ at the pure shear state
is equal to 2.0 in the RT fracture criterion, see Fig. 9. The maximum
PEEQ in bolt threads would be as large as 0.8 in the step close to thread
failure due to the large bending deformation, which is not consistent
with the actual experimental failure mode.

Fig. 15 shows damage index and PEEQ contour plots wither real
deformations for Tension122 with C; = 0.1 and C; = 0.15 in the BW
fracture criterion in the step close to failure. The failure mode of Ten-
sion122 would be altered from thread stripping to tensile fracture with
C; increasing from 0.1 to 0.15. The former is a brittle failure mode while
the latter has a certain deformation capacity, see the respective tension-
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Fig. 13. Numerical tension-displacement curves vs. experimental results.

displacement curves in Fig. 13b. For the tensile fracture failure, necking
phenomenon is evident in the step close to fracture and the maximum
PEEQ in the core of the bolt threaded part is as large as 0.7, which is not
consistent with the actual experimental result. All five tests on Ten-
sion122 show the thread stripping failure, it is therefore inferred that the
value of C; in the BW fracture criterion, governing the thread shear
behaviour should be about 0.1. For the thread stripping failure of Ten-
sion122, the maximum PEEQ in the core of the threaded part is about 0.2
in the step close to fracture, see Fig. 15c. This means the threaded part
within the grip has entered the necking stage but the necking is not
significant. The slight necking can also be proved by the damage index

value in the core of the threaded part, see Fig. 15a. The necking results in
the reduction of bolt diameter in the upper engagement region of bolt
and nut. Then the shear area of the bolt first circle thread engaged in the
nut is reduced, leading to the increase of PEEQ in bolt threads and
eventually triggers the fracture of bolt threads. Given that three Ten-
sion126 tests in all five have the thread stripping failure, it is believed
that value of C; in the BW fracture criterion may be less than 0.1 because
the numerical failure of Tension126 is just the tensile fracture.

Figs. 16 and 17 show the damage index and PEEQ contour plots for
Tension130 and Tension141 tests with real deformations using the BW
fracture criterion with C; equal to 0.1 and 0.3. The tensile fracture of
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Comparisons between numerical and experimental results (Experimental results are).

Test Failure displacement (mm) Maximum tension (kN)
Experiment (1) RT fracture (2) BW fracture * (3) 2)/(1) 3)/(1) Experiment (4) FEA (5) 5)/(4)

Tension 4.3 6.23 4.84 1.45 1.13 151.8 155.5 1.02
118

Tension 4.8 7.48 5.32 1.56 1.11 152.4 151.6 0.99
122

Tension 8.6 8.51 8.30 0.99 0.97 149.1 147.2 0.99
130

Tension 9.5 9.62 9.41 1.01 0.99 147.3 146.0 0.99
141

* C1 = 0.1 is used in the simulations of Tension118 and Tension122 tests; C; = 0.3 is used in the simulations of Tension130 and Tension141 tests.

adopted from [7]
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Fig. 14. Damage index and PEEQ for Tension118 close to fracture (thread stripping).

Tension130 and Tension141 initiates from the core of the bolt threaded
part. The maximum PEEQs in the core of bolt necking regions are as
large as 0.8, see Fig. 16c and 17c. This is close to the fracture PEEQ in the
uniaxial tensile specimen shown in Fig. 11. It can be seen from Fig. 13
that using the BW fracture criterion with C; = 0.3 would result in very
good predictions for the force in tension at the load-descending stage for
Tension130 and Tension141 tests, compared to the respective experi-
mental results. However, if C; is set to 0.1 the force in tension at the last
load-descending stage is significantly less than the experimental result.
It can be explained that using C; = 0.1 would result in shear fracture of
threads in the critical necking region, see Figs. 16a and 17a for Ten-
sion130 and Tension141, respectively. The shear fracture of threads in
the necking regions lead to the decrease of the tensile force at the load-
descending stage. In practise, threads in the necking region would not be
cut off from the thread roots, since the plastic strain introduced in the
thread root regions in thread rolling process is very small. Results with
C; = 0.3 indicate that the threads in the necking region would not be cut
off, see Fig. 16b and 16c¢ for Tension130 and Fig. 17b and 17c for Ten-
sion141. Tensile fracture occurs initially from the core of the bolt
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threaded part for Tension130 and Tension141 tests, as shown Figs. 16¢
and 17c.

5.3. Failure modes

It can be concluded that using BW fracture criterion could predict
two failure modes of PT bolts under tensile loading, thread stripping
failure and tensile fracture failure. Fig. 18 shows these two failure
modes: thread stripping failure of Tension122 and tensile fracture fail-
ure of Tension130. The former is simulated using C; = 0.1 and the latter
uses C; = 0.3 in the BW fracture criterion. In fact, the thread shear
fracture behaviour varies from thread root to thread crest. The shear
fracture PEEQ has a decreasing trend from thread root to thread crest as
the introduced plastic strain in thread rolling process has an increasing
trend from thread root to thread crest. For the failure of Tension122,
there is no evident necking phenomenon in the threaded part within the
grip. The threads in the engagement length of bolt and nut are sheared
off due to the plastic strain growing up to its shear fracture PEEQ around
0.1. For the failure of Tension130, the necking phenomenon is
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Fig. 15. Damage index and PEEQ for Tension122 close to fracture (thread stripping).
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Fig. 16. Damage index and PEEQ for Tension130 close to fracture (Tensile fracture).

significant in the core of the threaded part within the grip, where strain
localization occurs seriously and finally the PEEQ grows up to its tensile
fracture PEEQ around 0.8.

Note that thread dimensions of bolt and nut could also affect the
failure mode of PT bolts under tensile loading. Shear area in the thread
engagement region of bolt and nut will be reduced if the clearance be-
tween bolt and nut threads gets larger. The risk of bolt threads having a

brittle thread stripping failure under tensile loading will increase as the
tip of bolt threads has much smaller shear fracture PEEQ.

6. Conclusions

This paper numerically investigated the fracture behaviour of

partially threaded bolts under tensile loading with different threaded
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Fig. 17. Damage index and PEEQ for Tension141 close to fracture (Tensile fracture).
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Fig. 18. Failure modes of bolts under tensile loading.

lengths within the grip. Comparison with available experimental results
is done. The post-necking stress—strain relations for bolt threaded parts
are calibrated and discussed. The Void Growth Model and the fracture
criterion proposed by Bao and Wierzbicki are used to simulate the bolt
fracture. Following conclusions are drawn from analysis.

(1) The combined linear and power stress—strain law with weighting
factor W = 0 can be adopted to describe the post-necking stress—strain
relation of the investigated partially threaded bolts. It is proved by the
good prediction for bolt tensile behaviours especially at the load-
descending stage.

(2) The Void Growth Model (denoted as RT fracture criterion) with
the critical Void Growth Index equal to 2.0 yields excellent prediction
for the tensile fracture of bolts with large threaded lengths within the
grip. However, the RT fracture criterion cannot successfully predict the
thread stripping failure of bolts, because the fracture equivalent plastic
strain corresponding to pure shear state in the RT fracture criterion is as
large as 2.0, extremely overestimating the shear fracture of bolt threads.

(3) The BW fracture criterion with C; = 0.3 and Cy = 1.4 estimates
the shear fracture in bolt shank part and the tensile fracture in bolt
threaded part very well. Given that thread rolling process for forming
bolt external threads introduces large plastic strain in bolt thread re-
gions and reduces the thread shear fracture equivalent plastic strain,
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constant C; in the BW fracture criterion is reduced and calibrated to be
0.1 to make good predictions for the thread stripping failure of bolts
with short-threaded lengths within the grip.

(4) For bolts with thread stripping failure, slight necking occurs
before the thread stripping failure. The reduction of bolt diameter
around the upper engagement region appears and then shear area of the
bolt upper threads is reduced. This leads to a growing plastic strain up to
the shear fracture equivalent plastic strain around 0.1 and finally trig-
gers the shear fracture of bolt threads. For bolts with tensile fracture
failure, the initial tensile fracture occurs in the core of the bolt threaded
part with the tensile fracture equivalent plastic strain around 0.8.
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