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Abstract. The use of high-strength steel and concrete in the construction industry has been gaining increasing attention over
the past few decades. With it comes the need to utilise high-strength structural bolts to ensure the design load to be transferred
safely through joint regions, where the space is limited due to the reduced structural dimensions. However, research on the
behaviour of high-strength structural bolts under various loading combinations is still insufficient. Most of the current design
specifications concerning high-strength structural bolts were established based on a very limited set of experimental results.
Moreover, as experimental programs normally include limited design parameters for investigation, finite element analysis has
become one of the effective methods to assist the understanding of the behaviour of structural components. An accurate and
simple full-range stress-strain model for high-strength structural bolts under different loading combinations was therefore
developed, where the effects of bolt fracture was included. The ultimate strength capacities of various structural bolts obtained
from the present experimental program were compared with the existing design provisions. Furthermore, design
recommendations concerning the pure shear and tension, as well as combined shear and tension resistance of Grade 10.9 high-
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strength structural bolts were provided.
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1. Introduction

Over the past few decades, there has been an emerging
trend to use high-strength materials in the construction
industry, which has allowed the dimensions and self-weight
of structural elements to be reduced, and the concept of
sustainable building structures to be promoted (Uy 2001,
Zhao and Yuan 2010, Du et al. 2017, Shamass and Cashell
2017, Ma et al. 2018, Wang and Sun 2019, Huang et al.
2019, Li et al. 2019, Wang et al. 2020). However, with the
application of high-strength materials, the joint regions
between connected elements also become limited (Ebrahimi
et al. 2019, Cai and Young 2019). To ensure the load can be
transferred safely within the limited space, the use of higher
strength structural bolts provides an ideal solution (Coelho
etal. 2004, Coelho and Bijlaard 2007, Li ef al. 2019).

In recent years, high-strength bolts have received
increasing attention in design and construction, owing to
their significant structural and economic benefits. Many of
the current international design standards have allowed the
utilisation of high-strength bolts. In particular, high-strength
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bolts with grade up to 10.9 have been included into the
European and American Standards (Eurocode 3, 2005,
AISC-360, 2016); whilst the Australian Standards just
allowed high-strength bolts of Grade 8.8 to be adopted
(AS4100, 2016). It is noteworthy that high-strength bolts
can be designed based on both bearing- and slip-resistant
requirement. For those that were designed with the slip-
resistant requirement, a certain amount of preloading
(normally 70% of the proof strength) was required (Nah and
Choi 2017). The Eurocode 3 (2005) and EN 14399 (2005)
have included two types of preloadable high-strength bolts
of different properties and standardised products. According
to their failure modes under axial tension, these high-
strength bolts can be categorised as HR (British system) and
HV (German system) bolts. Considering the less favoured
strength capacity and ductility of HV bolts, most of the
high-strength bolts in the current Australian market were
limited to HR bolts of Grade 8.8.

As one of the major structural components, the
mechanical properties of high-strength bolts are of
significant interest in civil engineering. Against this
background, Sterling and Fisher (1964), Nair et al. (1974)
and Amrine and Swanson (2004) tested the tensile
performance of ASTM-A490 bolts, which possessed similar
mechanical properties with Grade 10.9 bolts, and compared
the test results with American Standards. On this basis, a
few European scholars investigated the behaviour of Grade
10.9 bolts under pure tension and shear, with studies by
Lange and Gonzalez (2012), D'Aniello et al. (2016) and
Ketabdari et al. (2019). In addition to the studies on the
structural bolts, shear capacities of headed studs have been
performed extensively, with studies by EI-Lobody and Lam
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(2002), Hou et al. (2012), Ding et al. (2017), Qi et al.
(2017), Yan et al. (2018). However, structural bolts in
engineering practice might be subjected to both tension and
shear at joint regions. Moreover, such combined effects are
also common in wind-bracing fasteners and structures. To
the best knowledge of the authors, only a handful of studies
looked at the strength limit state of Grade 10.9 bolts or
equivalent A490 bolts under combined tension and shear
(Chesso et al. 1965, Renner and Lange 2012, Kawohl and
Lange 2016). It is noteworthy that the previous studies on
Grade 10.9 bolts or equivalent A490 bolts under combined
loading were limited to partial threaded bolts with
hexagonal bolt heads only. To date, no experimental studies
have been performed on the high-strength fully threaded set
screws or partial threaded bolts with countersunk heads to
investigate their performance under combined actions.
Finite element analysis has become one of the effective
methods to assist the understanding of the behaviour of
structural components. With this method being used, the
establishment of codes of practice becomes economical and
effective. Vasdravellis et al. (2014), Rehman et al. (2016)
and Yang et al. (2017) pointed out the necessity of
calibrating fracture models for structural bolts, which can
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significantly improve the understanding of full-range
behaviour of structural joints and frames. Pavlovi¢ et al.
(2013), Grimsmo et al. (2016), Francavilla et al. (2016), Hu
et al. (2016), Long et al. (2016), Hedayat et al. (2017) and
D'Aniello et al. (2017) developed finite element models to
mirror the behaviour of high-strength bolts under axial
tension and pure shear. However, the previous developed
models included the bolt threads and focused on the
behaviour of the bolt itself. This type of model for the
structural bolt was not practical and was less computational
efficient when complicated structural joints and frames
were simulated. Therefore, it is imperative to develop an
accurate, yet simple and full-range model for high-strength
bolts under different loading conditions, where the effects
of bolt fracture are also considered.

The above literature review demonstrates that studies on
the behaviour of high-strength bolts of Grade 10.9 under
combined actions have not been carried out sufficiently.
Thus, an extensive set of tests on Grade 10.9 bolts under
combined shear and tension is reported herein, through
which the strength limit state behaviour of Grade 10.9 bolts
with various diameters and bolt head types is determined.
The present study is to investigate the ultimate strength
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Fig. 1 Dimensions of different types of high-strength bolts of Grade 10.9

Table 1 Geometric details of test specimens

Nominal

. Thread length  Total length  Thread pitch A B C Ao As
Groups Bolttype  diameter do ) )
(mm) Ls (mm) Lo (mm) P (mm) (mm) (mm) (mm) (mm?) (mm?)

I Plain 16.0 45.0 140 2.0 23 27 9.5 201 157

I Plain 20.0 54.0 140 2.5 29 34 12.0 314 245
I Plain 24.0 64.0 140 3.0 35 40 14.0 452 353
v Set screw 20.0 140.0 140 2.5 29 34 12.0 314 245
\Y Countersunk 20.0 58.0 140 2.5 35 - 10.0 314 245
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capacity of each bolt under various loading conditions, the
effects of preloading is not within the scope of present
study. In addition, simplified finite element models that
include bolt fracture were developed and validated against
the experimental results. The strength limit state behaviour
of Grade 10.9 high-strength bolts under combined actions
were compared with the current design standards, and
design recommendations were thereafter suggested.

2. Experimental program
2.1 General

An experimental program consisting of 90 high-strength
bolts of Grade 10.9 has been conducted according to ISO
898-1 (2009) and ASTM F606 (2016). It is noteworthy that
the test methods for structural bolts under pure tension and
shear have been standardised and described. However, the
testing methods for structural bolts under combined tension
and shear was not codified. A purpose-made testing rig,
which was firstly invented by Chesson et al. (1965) and
adapted by Renner and Lange (2012), was thereafter
utilised in the present study. The tested bolts were classified
into five groups, which included Group I: M16 partial
threaded plain bolts; Group II: M20 partial threaded plain
bolts; Group III: M24 partial threaded plain bolts; Group
IV: M20 fully threaded set screws; Group V: M20 partial
threaded countersunk bolts. These five groups of high-
strength bolts have been tested under tension, shear and
combined tension and shear without the presence of
preloading, and each bolt test was repeated three times, as
suggested by ISO 898-1. Configurations of the tested Grade
10.9 bolts are shown in Figs. 1 and 2, and the geometric
details are summarised in Table 1.

2.2 Coupon tests
Five hourglass-shaped coupons were machined from the

spare bolts of the same batch based on ASTM F606 and
tested according to AS 1391 (2007). Specifically, two

unnotched coupons were tested to identify the engineering
stress-strain curves. Three additional coupons with different
notch sizes were tested to facilitate the subsequent
numerical investigation on the fracture damage of high-
strength bolts.

2.3 Test set-up and instrumentations

The specimens in the present study were tested with a
2000 kN capacity Dartec Machine at the University of
Sydney. Pure tension and shear, as well as combined tension
and shear were subjected to the tested bolts through rotating
the testing rig by different loading angles (0°, 15°, 30°, 45°,
67.5° and 90°). The schematic and experimental view of the
test specimens was illustrated in Fig. 3. As observed, two 36
mm high-strength steel rods (clamping bars) were placed
within the grips such that the tested bolts underwent
increasing deformations as the grips moved apart. A pinned
joint of the testing rig ensured that no additional bending
moments were transferred to the tested bolts. In addition,
four linear variable differential transducers (LVDTs) were
used to record the deformation of the tested bolt along and
perpendicular to the bolt axis.

3. Experimental results
3.1 Material properties

The machined coupons were tested in a 300 kN machine
with a loading rate of 0.5 mm/min. Axial elongation of each
coupon was recorded by an extensometer with an initial
gauge length of 25 mm. The full-range stress-strain curves
of normal coupons without notches were shown in Fig. 4.

= 0 0 0 =

90°-Pure Shear

45°-Combined
tension and shear

0°-Axial Tension

(b) Photographic view

Fig. 3 Experimental setup
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Fig. 5 Results of notched coupons

As shown, the average yield (fo2%) and ultimate stress (fu)
for the Grade 10.9 bolts was 1013 MPa and 1100 MPa,
which was about 10% higher than their characteristic
values.

3.2 Notched coupon tests

In addition to the normal coupons without notches, three
additional notched coupons with different notch sizes were
included in the present test program (Fig. 5). Different
triaxial stress states were obtained to identify their
relationships with the fracture strains, which were used for
the development of following numerical models. The load-
deformation curves of notched coupons showed that the
ductility after ultimate stress diminished with an increase of
the notch size. It is noteworthy that the load-deformation
curves of these notched coupons were only used for the
calibration of the subsequent numerical model.

3.3 Plain bolt tests

3.3.1 Failure modes

As shown in Fig. 3, plain bolts of three various
diameters have been tested under six loading angles until
fracture. Each test was repeated three times to ensure the
accuracy and reliability of the results. It should be noted
that the threads of plain bolts were not included in the shear
plane. The failure modes of tested plain bolts (M16, M20
and M24) were presented in Fig. 6, which were largely the
same. In particular, the tested plain bolts under 0° and 15°
failed by threads necking. No significant shear deformation
within the bolt shank was observed, which was categorised
as tension-led failure modes. On the other hand, the plain
bolts tested under 30° to 90° experienced different degrees
of shear deformation within the unthreaded shank, which
meant this failure mode was dominated by shear forces.

3.3.2 Load-deformation curves

For the plain bolts with various diameters in Groups I-
111, the load-deformation curves showed a similar trend and
selected curves were presented in Fig. 7(a) for comparison
purposes. In this study, plain bolts tested under 0° and 15°
exhibited an initial linear part and followed by a transitional
part until the ultimate load was achieved. The nonlinear
response during the transitional part was from the yielding
of the tested bolts. Thereafter, the applied loads decreased
owing to the necking of threads until bolt fractured. The
remaining plain bolts that were tested under 30°-90°
underwent a nonlinear transitional part after yielding was
reached, which was followed by a plateau until shear
fracture suddenly commenced. Test results in terms of the
averaged ultimate strength capacity of each bolt were
summarised in Table 2.

3.4. Set screw tests

3.4.1 Failure modes

Unlike the plain bolts, set screws are normally fully
threaded through the screw shanks. Due to this inherent
characteristic, the failure modes of set screws were different
from those of plain bolts, especially when the screws were
subjected to axial tension. As shown in Fig. 8(a), the tested
set screws under 0° and 15° loading angles experienced
significant plastic elongations. This was to be expected as
the threaded proportions of set screws were significantly
longer than those of the plain bolts, which inevitably
resulted in greater elongations between the screw heads and
nuts (clamping distance). On the other hand, the remaining
set screws that were tested under 30°-90° showed similar
failure modes with the plain bolts.

3.4.2 Load-deformation curves

The load-deformation curves for set screws in Group IV
are illustrated in Fig. 7(b), which show significantly
different behaviour from those of plain bolts. As mentioned,
set screws are fully threaded, which result in greater plastic
deformations prior to fracture. This phenomenon was also
demonstrated in the corresponding load-deformation curves,
where the set screws under 0° and 15° loading angles
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Fig. 6 Failure modes of plain bolts
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Table 2 Test results of Grade 10.9 plain bolts (averaged values)
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Loading angles
Tested Grade 10.9 bolts
0° 15° 30° 45° 67.5° 90°
M16P (Group I) 168.1 180.2 169.0 151.1 135.8 136.2
M20P (Group II) 262.1 278.2 258.4 232.5 211.5 210.7
Pu (kN) M24P (Group III) 384.8 401.8 376.8 337.2 311.3 316.8
M20S (Group IV) 268.5 246.1 208.5 181.5 159.0 169.9
M20C (Group V) 265.0 271.9 264.8 233.2 210.1 211.5

exhibited 12 mm and 9 mm deformations, which were
nearly twice those of plain bolts. In addition, the set screws
that were subjected to 30°-90° loading angles indicated less
favoured shear resisting performance than that of plain

bolts. The maximum shear capacities and post-peak
ductility performance were significantly lower than their
counterparts in Group II.
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3.5 Countersunk bolt tests

As shown in Fig. 8(b), bolt heads were sheared off for
the countersunk bolts when tested under 0° and 15° loading
angles. These failure modes are unique for structural bolts
with countersunk head type, which are also different from
those of plain bolts. The reason for this unique failure mode
is due to the existence of socket recess, which reduces the
stressed areas when the bolts are subjected to axial tension.
However, the remaining countersunk bolts that are
dominated by shear failure show similar final states with the
normal plain bolts. This phenomenon is still to be expected
as the stress concentration mainly occurs along the shear
plane, which is not affected by the type of bolt head.
Although the failure modes between plain bolts and
countersunk bolts are slightly different, the load-
deformation relationships of countersunk bolts in Group V
are largely the same with those of plain bolts (Group II), as
illustrated in Fig. 7(c). The difference in terms of the
maximum tensile capacities and deformations at fracture
between plain bolts and countersunk bolts are less than 5%.

3.6 Comparisons and discussions

In order to facilitate the comparison purposes, the
ultimate loading capacity (Py) of each tested bolt is
normalised to its theoretical ultimate tensile capacity (Po) at
angle 0°. In particular, the theoretical ultimate tensile
capacity (Po) can be calculated with Eq. (1) as below

Py = fupAs (M
Ag =m/4 (D — 0.9382P)? )

where fub is the tensile stress of Grade 10.9 bolts and A4 is
the actual tensile stress area of bolt shank with threads
(AS1275, 1985). As observed in Fig. 9, the normalised
ultimate loading capacities (Pu/Po) of the tested plain bolts
and countersunk bolt are similar at various loading angles.
It is noteworthy that the normalised loading capacities of
the tested bolts under 0° are 1.0, which are slightly smaller
than those tested under 15° (Pu/Po=1.05). For the plain
bolts and countersunk bolts that experience more shear
forces than tensile forces (67.5° and 90°), the normalised
ultimate loading capacities are only around 0.8. As for set
screws where the shanks are fully threaded, only the
normalised axial tensile loading is the same with plain bolts
and countersunk bolts.

1.2
1.0 .A—»,\_;;:—; Py/Po=1
08
o
~ 06
O M16 P
04 | M20 P
M24 P
02 M20 S
—*— M20C
0.0 . . .

0 30 60 90
Loading angles (°)

Fig. 9 Normalised capacities (Pu/Po) versus loading angles

Once the shear force is included, the normalised loading
capacities reduces to Py/P¢=0.6 for those tested under pure
shear.

4. Finite element analysis
4.1 General

Finite element analysis based on commercial software

ABAQUS was employed herein to develop accurate
numerical models for predicting the behaviour of high-
strength structural bolts under different loading conditions.
In the present study, Dynamic Explicit method was adopted
due to its better capability to address the convergence issues
than implicit method, as suggested by Thai et al. (2017). In
addition, structural bolts were simulated with C3D8R
element and ‘surface-to-surface’ contact was considered for
all contacted surfaces. For the tangential direction, a friction
coefficient of 0.3 between steel components was utilised (Li
et al. 2016, 2018). It is noteworthy that the previous
numerical models developed by Pavlovi¢ et al. (2013),
Grimsmo et al. (2016) and Hu et al. (2016) included the
bolt threads into consideration, which were less
computational efficient due to the finer mesh regions near
the bolt threads.
As suggested by Hedayat et al. (2017) and D'Aniello et al.
(2017), this type of numerical model for structural bolt was
not practical for the wider applications, where complicated
joints (or frames) consisting of a large number of structural
bolts were simulated. The authors herein thus proposed a
simplified method to capture the behaviour of structural
bolt, which can be readily applied into complicated
numerical models. Specifically, the threaded shank was
simplified to a reduced cross-sectional area A, which was
about 0.784¢ according to Eq. (2). A general view of the
model configuration was illustrated in Fig. 10. As observed,
two reference points (RP-1 and RP-2) were assigned to the
bottom and top clamping bars. The axial load (P) was
applied to the top RP-2; whilst the bottom RP-1 was fixed.

4.2 Determination of material properties

The typical stress-strain behaviour of Grade 10.9 bolt
(unnotched coupons) is shown in Fig. 4, which
demonstrates its high-strength and superior ductility
performance. The constitutive relationship of Grade 10.9
bolt is characterised by an initial linear response to 0.2%
proof strength and continues with a nonlinear response until
ultimate strength is attained. From this point, the
accumulated strain energy starts to release, and the material
gradually loses its strength until fracture is observed. As
most of the traditional joint tests did not fail with bolt
fracture, the high-strength bolts were simulated with
bilinear or trilinear curves until ultimate strength (Shi et al.
2011). However, this type of model is not enough for the
cases where structural bolts fail prior to the connected
elements, such as the T-stubs tested by (Guo et al. 2017,
Ribeiro et al. 2015) and the beam-to-column joint tests by
(Coelho et al. 2004, Coelho and Bijlaard 2007, Wang et al.
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2018).

In order to simulate the full range behaviour of a typical
bolted connection, where bolts are the weak components,
comprehensive material properties accounting for fracture
mechanism are included in this study. Three major steps
were performed which included the identification of 1)
constitutive model; 2) damage initiation; and 3) damage
evolution. The detailed procedures are presented in a flow
chart, as illustrated in Fig. 11.

4.2.1 Constitutive relationship

In the present study, three stress-strain curves are
compared in Fig. 12(a), which include the engineering
stress-strain curve, true stress-strain curve and proposed
curve based on the true stress-strain curve. It is noteworthy
that the engineering stress-strain curve was obtained from
the unnotched coupon tests directly. The true stress-strain
curve was adapted from the engineering stress-strain curve
until the point where necking commenced. After the
necking point, the perfect plastic range was extended until
fracture strain (er) is reached. As for the proposed 2-stage
constitutive model, conventional true stress-strain curve
was still adopted up to the necking point, and a modified
power-law relationship that was proposed by Ling (1996)
and successfully used by Song ef al. (2020) was considered
for the post-necking regime. As illustrated in Fig. 12(b), the
utilisation of proposed 2-stage constitutive model (Eq. (3))
can better predict the post-peak behaviour of structural
bolts.

er =In(1+¢5)
or = on(er/ )"

where ¢k, or and er, ot represented the engineering and true
strain and stress, respectively; whilst ¢, and ¢, were the
strain and stress at the point where necking commences.

The influences of using different stress-strain curves
were investigated and compared against a selected tested
bolt (M16-0°), which are presented in Fig. 12(b). As
observed, the proposed 2-stage constitutive model predicts
the post-peak softening behaviour of the selected bolt under
axial tension very well.

er < &y 3)
&r > &,

4.2.2 Identification of damage initiation

In the present study, the tension and shear fracture of
Grade 10.9 bolts were calibrated with the procedures and
methods shown in Fig. 11. It is noteworthy that the bolt
tensile fracture was identified through the notched coupon
tests; whilst the shear fracture was determined comparing
the test results and developed numerical models (Toribio
and Ayaso 2003). Moreover, the damage model adopted
herein was realised through ‘ductile damage’ in ABAQUS,
where the relationship between the plastic strain at fracture
(&p,Frac) and stress triaxiality () was required.

For the identification of tensile fracture, the evolution
history in terms of triaxiality and equivalent plastic strain
for the most critical elements in tensile coupons were
recorded through the developed numerical models, as
shown in Fig. 13(a) with dashed lines. A skeleton curve was
initially plotted by linking the fracture points of each tensile
coupons. However, as the stress triaxiality of the critical
element was not constant and changes significantly during
the loading procedure (Bao and Wierzbicki 2004), the stress
triaxiality at fracture point (7.) cannot be utilised directly in
the numerical simulations. A modified relationship between
the equivalent plastic strain and averaged stress triaxiality
of the critical elements was therefore developed based on

Eq. (4).

Epl,Frac X de
Nave = fo ! ol 4)
Epl,Frac
in which #ay. was the averaged stress triaxiality and &pl,Frac
was the equivalent plastic strain at fracture point. The
relationship between the averaged stress triaxiality and
equivalent plastic strain of the most critical elements is
shown in Fig. 13(a). As observed, the locus of fracture
strain (&pirrac) Undergoes significant downward movement at
medium stress triaxiality range (e.g. 0.33<#<0.8).
By using the Johnson-Cook equation Eq. (5), a fitted
exponential curve is developed when stress triaxiality is
greater than 0.33.

EplFrac = D, + D, exp(D3nAve) Nave = 0.33 )

where D;, D, and D3 were calibrated as 0.25, 2.2 and -3.57
through mathematical regression method. As for the
identification of shear fracture, it is difficult to machine
shear coupons from the structural bolts.
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Fig. 13 Identification of damage initiation and evolution

The present study thus utilises a tested plain bolt under
pure shear (M16-90°) to calibrate the relationship between
the shear stress triaxiality and equivalent plastic strain at
fracture. Egs. (6) and (7) were used to characterise the shear
fracture criterion under low stress triaxiality range, as
illustrated in Fig. 13(a). In particular, D4y and Ds was
calibrated as 0.2 and 3.6, respectively. With the tensile and
shear fracture parameters calibrated, the full range
behaviour of the tested coupons (including fracture points)
can be mirrored accurately, as shown in Fig. 13(b).

Dy

. —033<n<0 6
(1+3n) n ©)

Epl,Frac =

EplFrac = Dy exp(D5T)) 0<1n<0.33 (7)

4.2.3 Identification of damage evolution

Conventionally, the ductile damage evolution was
closely related to the mesh size and need to be characterised
to different values with a varied characteristic element
length (up). However, in the present study, the post-peak
behaviour of the structural bolts was simulated with the
full-range stress-strain relationship. The onset of fracture
(both shear and tension) was simulated with the damage
initiation, which was the focus of this study. On the other
hand, the damage evolution only determined the rate of
strength degradation after the damage initiation, which was
less concerned herein. In order to obtain a more pronounced
strength degradation so that the bolt fracture can be readily
distinguished, a linear damage evolution with #;=0.05 mm
was adopted (Fig. 13(c)).

4.3 Validation of the developed model

The structural bolts in each test group were utilised for
the validation of the developed numerical models. Three
loading conditions (0°, 45° and 90°) for each bolt type was
selected for comparisons. As shown in Fig. 14, each tested
bolt showed a similar and acceptable agreement in terms of
the load-deformation curves between the experimental
results and numerical analysis. In addition to the load-
deformation curves, comparisons of the final state
behaviour were also carried out. As observed, comparisons
of failure modes for the tested bolts further demonstrated
the accuracy of the proposed finite element model.

4.4 Parametric studies

With the validated numerical model, the present study
attempted to enhance the understanding of the behaviour of
Grade 10.9 bolts through a series of parametric studies. As
shown in Fig. 15, two practical parameters with the varied
products available in the current market were considered
herein, which included the ratio of threaded shank length
over clamping distance (Ls/L.), as well as the chamfer angle
of the countersunk bolt (#°).

4.4.1 Effects of L/l (plain bolts)

The effects of threaded shank length over clamping
distance (Ls/L.) were investigated herein with three values
considered, which included 0.25, 0.5 and 0.75. As shown in
Fig. 16(a), the effects of threaded proportion were mainly
reflected in the axial elongations of the bolts; whilst the
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Fig. 16 Results of parametric study

tensile capacities of the investigated bolts were largely the
same. The effects of Ly/L. on the shear behaviour of plain
bolts were illustrated in Fig. 16(b). As observed, the plain
bolt with higher L¢/L. exhibited lower shear capacity and
more significant shear deformation. In particular, for those
bolts where the shear plane passed through the unthreaded
shank (Ls/Lc~0.25), full shear capacity was obtained. On the
other hand, when the shear plane intercepted with the bolt
threads (Ls/L=0.75), a reduced initial stiffness can be
observed, which was mainly due to the bolt-hole clearance
and the consequent slightly rotation of the bolt.

4.4.2 Effects of n°® (countersunk bolts)

A countersunk bolt is normally utilised to ensure the
bolt head can fit flush with the surface of the connected
part. This type of structural bolt attracts increasing attention
over the past few years, as it provides satisfactory

mechanical performance and meets aesthetic requirements.
Countersunk bolts have a series of standard chamfer angles
(60°, 82°, 90°), as well as some less popular chamfer angles
(100°, 110° and 120°). In the present study, three chamfer
angles (60°, 90°, 120°) that covered a wide range were
selected. Moreover, to ensure the occurrence of bolt failure,
rather than the failure of connected parts, the clamping
distance was kept sufficient and constant in the following
analysis (Lc=100mm). As shown in Figs. 16(c) and 16(d),
the shear behaviour of countersunk bolts of different
chamfer angles was similar, which meant that the effects of
bolt head type on the shear performance was minimal and
can be ignored. However, when the countersunk bolts were
subjected to axial tension, the failure region shifted from
bolt head to the threaded shank with an increase in the
chamfer angle. In addition, the tensile capacity of the
countersunk bolt also increased with an increase in the
chamfer angle.



Behaviour and design of Grade 10.9 high-strength bolts under combined actions 337

12 AS4100
1 2 = MI6P
e M20P
M24 P
. e M20S
= x M20C
M =
=
02
f,,=1000 MPa
0.0 1 1 = 1
0 0.4 08 12 16

(a) with the nominal tensile strength

12
AS4100
= MI6P
1.0 3 s M20P
M24 P
L 08 e M20S
= M2
Z o6 * M20C
M =]
Z 04
02 I f,=1100 MPa
0'0 1 1 o0 1
0 0.4 08 12 16

(b) with the actual tensile strength

Fig. 17 Comparisons of design strengths between the test results and AS 4100 (1998)

5. Comparison with current design standards

5.1. Current design methods

The existing design standards for steel structures that
have been commonly used globally include AS 4100
(1998), Eurocode 3 (2005) and AISC 360 (2016). Among
these international design provisions, Eurocode 3 (2005)
and AISC 360 (2016) allow high-strength bolts of Grade
10.9 (or equivalent A490) to be used in the engineering
practice; whilst Australian Standards AS 4100 (1998) only
permits the structural bolts with a grade up to 8.8 to be
utilised. The authors herein compared the strengths of the
tested bolts with existing design provisions and
corresponding design recommendations were provided.

5.1.1AS 4100

The current Australian Standards for steel structures AS
4100 (1998) has limited the utilisation of high-strength bolts
up to Grade 8.8. The authors herein compared the tested
results with AS 4100 (1998) and the applicability of this
design method was investigated. Pure shear and tension, as
well as combined shear and tension capacity of a structural
bolt at the ultimate limit state is defined in Egs. (8)-(10).
Safety reduction factors (¢ and ;) are taken as 1.0 herein
for comparison. fu is identified as the ultimate tensile
strength of the bolt. The number of shear planes with and
without threads intercepting is represented by n, and ny, and
Ac (equivalent to 4s) and Ao is the minor and major diameter
area of the bolt.

Ve = 0.62fypkr(npAc + nyAo) (3)
N = Acfur 9)
V* 2 N* 2
[—f] I L, ] <10 (10)
Vs N5

Comparison in terms of design strength between the test
results and AS 4100 (1998) were performed, where both the
nominal and actual tensile stress of Grade 10.9 bolts were
used for the calculation of AS 4100 (1998). As specified,
the nominal tensile stress of Grade 10.9 bolt was taken as
1000 MPa; whilst the actual tensile stress of Grade 10.9 bolt

(1100 MPa) was determined through the unnotched coupon
tests in Section 3.1. With the actual design value utilised,
AS 4100 (1998) predicted 5%-10% higher loading
capacities for the set screws under combined loading
conditions (Fig. 17), which were not safe for the design
purposes.

5.1.2 Eurocode 3

Shear and tension resistance of the structural bolts are
defined in Eurocode 3 (2005) through Egs. (11) and (12),
respectively

Fyra = ay fubA/ Yz (11)

Fira = k2 fubAs/Vm2 (12)

in which a, is the reduction factor for the bolts under shear
forces and is defined as 0.5 and 0.6 when the shear
planepasses through the threaded and unthreaded bolt
shanks, respectively. Similarly, 4 is defined as the shear
stress area and should be taken as As or Ao, when the shear
plane passes through the threaded and unthreaded
proportion of the bolt. Moreover, Eurocode 3 (2005) is the
only design standard that distinguishes the bolt tensile
capacities according to their bolt head type. Reduction
factor k» which accounts for the variation of bolt head is
included for the tensile strength prediction. As specified, k»
was taken as 0.63 for countersunk bolt; whilst a coefficient
of 0.9 was assigned for the remaining bolt head types. It is
noteworthy that the safety factors were defined as 1.25 for
the design of structural bolts. However, this coefficient was
taken as unity herein so that the comparisons in terms of the
ultimate loading capacities with the test results can be
carried out. In addition, Eq. (13) was proposed for the
structural bolts that were subjected to combined shear and
tension, where coefficient 1.4 was included into the tension
component to conservatively account for the capacity
enhancement when the bolts were subjected to 15° angle.
Fypa FiEa
Fora | 1AFong = 0 (13
Comparison of design strength between the test results
and Eurocode 3 (2005) are shown in Fig. 18. As observed,
Eurocode 3 (2005) produced conservative yet acceptable
design capacities for the plain bolts and set screws when the
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Fig. 19 Comparisons of design strengths between the test results and AISC 360 (2016)

actual tensile strength was adopted. This design method
included the effects of strength enhancement when the bolts
were subjected to a small proportion of shear forces.
However, as the loading capacities of the bolts did not
decrease linearly with an increase of loading angles,
Eurocode 3 (2005) produced relatively conservative
predictions for the bolt strength when the loading angles
ranged from 30° to 67.5°. Besides, the most significant
limitation of Eurocode 3 (2005) was the over-conservative
tensile strength for the countersunk bolts, which resulted in
unnecessary design redundancy in the engineering practice.

5.1.3 AISC 360-16

American Standards provided the Load and Resistance
Factor Design (LRFD) design rules for structural joints
using high-strength bolts. The design strength (Fgq) in shear
or tension for an ASTM A490 (equivalent to Grade 10.9)
high-strength bolt was specified as Eq. (14)

Fga = ¢funAsp (14)
where fi» and A, was the nominal strength per unit area and
cross-sectional area based on the nominal bolt diameter.
The determination of fu, depends on the grade of structural
bolt and type of loading. The design strength safety
reduction factor (@) was defined as 0.75 and once again was
neglected herein for comparison purposes. When combined
shear and tension loads were transmitted by an ASTM A490

bolt, the AISC 360 (2016) specified that the limit-state
interaction should satisfy either Eq. (15(a)) or Eq. 15(b).

] <[
¢FEd,V ¢FEd,T
F7,1t = 1.3Fy — Futfro/ PPy (15b)

Fig. 19 presents the comparisons between the test results
and analytical values specified in AISC 360 (2016). As
observed, AISC 360 (2016) produced accurate strength
predictions for the tested A490 bolts under pure tension and
shear. However, predictions for the A490 bolts under
combined tension and shear were not safe, which was
particularly prominent for the fully threaded set screws.

2
<1.0 (15a)

5.2 Design recommendations

The bilinear curve adopted in Eurocode 3 (2005) was
based on two sets of test data, which were performed in the
1970s on lower strength bolts. For conservative reasons,
Eurocode 3 (2005) limited all the test results within the
skeleton curve and achieved design safety by sacrificing the
bolt strength under combined shear and tension. However,
with the improvement of manufacturing, the quality of the
bolt has been demonstrated through the present
experimental test. It is therefore necessary to develop an
accurate and safe design method for the high-strength
structural bolts of Grade 10.9.
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Fig. 20 Comparisons of design strengths between the test results and proposed method

The authors herein adapted design Egs. (16) and (17) to
predict the shear and tension resistance for different types
of structural bolts of Grade 10.9. In particular, Eq. (16)
lowered the shear reduction factor to 0.6 and 0.5 for
structural bolts, where the shear plane passed through the
unthreaded and threaded bolt shanks, respectively. It should
be noted that for most of the design standard users, the
actual ultimate tensile stress (fub-act) Of structural bolts were
not available. The nominal ultimate tensile stress (fup-nom) of
Grade 10.9 bolts was therefore suggested for the possible
inclusion of existing design standards, which was 1000
MPa. With respect to the tensile capacity, a reduction factor
of 0.9 was suggested for Grade 10.9 bolts. For the structural
bolts that were subjected to both shear and tension, the
design limitation specified in AS 4100 (1998) can be
adopted, through which the unnecessary design redundancy
can be avoided.

Vs = 0.6f,»Ao (Shear plane in unthreaded shank) (16)
Ve = 0.5f,»A. (Shear plane in threaded shank)

Ntf = 0.94;fup (17)

The present and previous test results were collected and

compared with the proposed design method, as shown in
Fig. 20. Most of the previous test results on Grade 10.9
bolts focused on the tensile strength only. Only limited tests
were conducted to investigate the Grade 10.9 bolts with
partially threaded shank and hexagonal heads under
combined actions. As observed, the proposed design
equations were reasonably conservative when the nominal
bolt tensile strength was used by structural engineers. With
the safety reduction factors being included, an appropriate
level of design redundancy can be maintained. Moreover,
even with the actual bolt tensile strength being identified
and utilised, the predicted strength capacities were still
accurate and on the safe side, as shown in Fig. 20(b).
It is noted that the development of design standards should
be based on the actual material properties of the tested
specimens with all the reduction factors set as unity.
Therefore, Figs. 17(b), 18(b) and 19(b) should be the ones
used for comparisons and development of design
specification. As observed, the current design standards
result in accurate predictions for bolt strength under tension
and shear (except for Eurocode 3 for countersunk bolts).

Nevertheless, none of these design specifications can safely
and accurately predict the bolt strength under a larger
proportion of shear force, such as the loading angle of 45°
and 67.5°. Considering the less favoured ductility
performance of high-strength steel bolts, the proposed
method, therefore, intentionally underestimates the bolts’
tensile strength by 10% to achieve a conservative design
envelop for the bolts under combined actions, which is
similar to the development of Eurocode 3 (2005).

6. Conclusions

An experimental study consisting of five different types
of Grade 10.9 structural bolts was conducted. Unnotched
coupons were extracted from the spare bolts and tested to
ascertain the basic constitutive relationship for Grade 10.9
bolts. Additional notched coupons of different sizes were
also tested to identify the relationship between the plastic
strain and stress triaxiality, which was further used for the
calibration of fracture model. In addition to the
experimental tests, finite element model based on ABAQUS
was developed to simulate the full-range behaviour of
structural bolts under different loading combinations.
Furthermore, the strength limit state behaviour of the tested
bolts was compared with the existing design provisions and
the corresponding design recommendations were provided.
The following conclusions were drawn by comparing the
test results and existing codes of practice:

e Grade 10.9 plain bolts and countersunk bolts that are
subjected to 15° loading angle exhibit 5% higher
tensile strength than those tested under 0° loading
angle. As for the Grade 10.9 set screws, the strength
capacity decreases gradually when increasing the
loading angle from 0° to 90°.

e Shear strength of structural bolts closely relates to the
shear plane. Generally, shear capacity of Grade 10.9
bolt is around 80% and 60% of its tension capacity
when the shear plane passes through the unthreaded
and threaded shank, respectively.

e Tensile and shear performance of countersunk bolts is
similar to plain bolts in terms of the strength capacity
and ultimate elongation (or shear deformation). A
further reduction factor of 0.63 in European Standards
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might not be necessary.

e A full-range fracture model (for both shear and tension
fracture) is developed in the present study. The
accuracy of the developed model is wvalidated
successfully, which indicates that this model can be
further utilised for the simulation of typical joints in
steel and composite structures.

e A modified design method is developed in the present
study, through which the tensile and shear capacity of
Grade 10.9 bolts (of various types) can be accurately
predicted and safely utilised for the engineering
practice.
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