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ARTICLE

Evaluating the strength of grade 10.9 bolts subject to
multiaxial loading using the micromechanical failure

index: MCEPS

Bolted joints in steel structures are generally subject to com-
bined actions. The research on ultimate capacity of bolted
joints under combined tension and shear actions, twin shear
actions, and combined tension-twin shear actions is relatively
limited. The aim of this paper is to calibrate the fracture locus
of grade 10.9 bolts using the mesoscale critical equivalent
plastic strain (MCEPS). We use ductile fracture simulation to
numerically evaluate the ultimate resistance of bolts subject to
multiaxial loading and compare the results with the current de-
sign standards. The results show that predictions for grade 10.9
bolts subject to multiaxial loading in Chinese code GB 50017
and American code AISC-360 are not on the safe side, while
predictions in European code EN1993-1-8:2005 are slightly on
the conservative side. We propose two modification factors to
improve prediction of bolt strength subject to multiaxial loading;
namely the multiaxial loading factor for shear resistance &, and
the multiaxial loading factor for tensile resistance &.

Keywords high-strength bolts; ductile fracture; multiaxial loading; ultimate
capacity

1 Introduction

High-performance bolts are widely used in structural steel
joints combing benefit in high strength, fire resistance and
corrosion resistance. with or without a pretension force
respectively. When designing bolted connections, it is im-
portant to predict the ultimate resistance of bolts subject
to multiaxial loading. The axial tensile and pure shear
strength have been experimentally and numerically inves-
tigated in past decades [1-10]. Nevertheless, bolted joints
are generally exposed to combined actions in steel struc-
tures applications, including combined tension and shear
actions, twin shear actions, and combined tension-twin
shear actions. The ultimate strength of grade 10.9 bolts
[11], grade 12.9 bolts [12], and stainless bolts [13] under
combined tension and shear actions has recently been
evaluated. The research on ultimate resistance subject to
twin shear loading and combined tension-twin shear load-
ing is limited. In addition, it is relatively difficult to design
a set-up to apply twin pure shear loading or triaxial tensile
and shear loading to the bolts. Ultimate bolt resistance
(Eurocode terminology used) is predicted based on the fol-
lowing two assumptions: the failure occurs in the shank of
the bolt and the hole clearance effect is disregarded.

Advances in material modelling in recent years have led
to increased confidence in the finite element method as
an effective way to predict the ultimate resistance of bolts

subject to multiaxial loading. Bolt failure is a progressive
material deterioration due to the nucleation, growth, and
coalescence of microvoids [14]. The microvoids can be
nucleated by either matrix-particle decohesion or particle
cracking. After nucleation, the microvoids enlarge due to
plastic deformation. Void coalescence by internal neck-
ing or shear localization (the two common modes) [15]
results in ductile fracture.

Ductile fracture simulation is essential for predicting the
ultimate capacity of high-performance bolts. The fracture
models generally consist of physically-based [16-23] and
phenomenological models [24-32]. McClintock (1968)
[16] and Rice & Tracey (1969) [17] improved early physi-
cally-based ductile fracture prediction by analyzing the
evolution of cylindrical and spherical holes in a ductile
matrix. Gurson (1977) [18] proposed a (porous) plasticity
model which includes the void volume fraction as an in-
ternal variable. Tevergaard and Needleman (1984) [19,
20] proposed the Gurson-Tevergaard-Needleman (GTN)
model, an improvement on the original Gurson model
which takes account of void coalescence. The GTN model
has been further extended to consider anisotropy [21] and
shear effects [22, 23]. The physical model assumed that the
fracture occurs when the microvoid radius or void volume
fraction reaches a critical threshold value. The phenome-
nological models can be subdivided into the uncoupled
damage model and coupled damage model [33]. In terms
of the uncoupled phenomenological model [33], the basic
assumption is that the evolution of damage does not affect
the effective stress-strain response of high strength steels
(HSS) before a fracture occurs. Generally, the J2 plasticity
model is used in combination with a separate fracture
model. It is assumed that the fracture occurs at a point
where a weighted measure of the accumulated equivalent
plastic strain reaches a critical value [24-26], such as the
Johnson-Cook model [27], the MMC model [28], the Hos-
ford-Coulomb model [29, 30], or the Lou-Huh model [31,
32]. The critical equivalent plastic strain at the onset of
fracture is the function of the stress triaxiality and the
Lode (angle) parameter. In terms of the coupled phenom-
enological model [33], the irreversible damage process is
accounted for by the internal constitutive variables in-
volved in the yield surface [34-36]. Generally, a damage
scalar is adopted to describe the isotropic damage, and ef-
fective stress is used to describe the impact of the damage
on the macro behavior of the materials [36].

The material parameters of the uncoupled phenomeno-
logical models were calibrated using a series of material
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Fig.1 lllustration of material tests to obtain fracture locus (Type 1 and 2 is reproduced from references [12, 31])

tests. In general, there are two methods to obtain differ-
ent stress status in terms of stress triaxiality and lode pa-
rameter as illustrated in Fig. 1: Type 1 using different ge-
ometry; Type 2 using different force combinations. It is
difficult to produce the different bolt specimens required
to generate the pure tensile stress status, pure shear stress
status, plain strain tensile stress status, combined tensile-
shear stress statuses etc. Furthermore, it is also time-con-
suming to make the loading set-up and test a series of bolt
specimens using a cycle rig. Hence, the mesoscale compu-
tational homogenization generated by the physical model,
combined with the uncoupled phenomenological model,
offers a promising means of predicting the ductile fracture
of HSS from the uniaxial stress-strain relationship alone
[37, 38].

The aim of this paper is to calibrate the fracture locus of
grade 10.9 bolts based on the mesoscale critical equiva-
lent plastic strain (MCEPS) proposed in [37, 38]. We use
the finite element method to simulate numerically the
ductile fracture of bolts subject to combined tension-
shear actions, twin-shear actions, and combined tension-
twin shear actions. Then we compare the ultimate resist-
ance numerically predicted in this paper with the existing
design provisions.

2 Ductile fracture locus of holts

In this paper we divided the process of predicting the
ductile fracture of high strength bolts into two stages: 1:
Identify the relationship between equivalent plastic strain
and uniaxial true stress for the isotropic J2 plasticity
model; 2: Identify parameters of fracture strain under
multiaxial stress states. It is assumed that the evolution of
damage does not affect the uniaxial true stress-strain re-
sponse of HSS before a fracture occurs. The detailed cali-
bration process is reported in [37, 38].
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Fig. 2. Tensile coupon specimens of grade 10.9 bolt [39]
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Fig.3. Comparisons between FE (without damage) and experimental re-

sults (Experimental data is reproduced from [39])

21  Specimens

Tensile coupon specimens of grade 10.9 bolts with dia-
meters of 5 mm [39] are used in this paper to calibrate the
ductile fracture locus. The geometric dimensions of the
specimens are shown in Fig. 2. The test result is shown in
Fig. 3.

2.2.  Calibration of plastic flow stress

The whole uniaxial stress-strain relationship is divided
into three stages: elastic stage, plastic stage, and coupled
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Fig. 4

Finite element model and boundary conditions of bolt specimen
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Fig.5 Uniaxial true stress-strain curves without considering the damage

plastic-damage stage. The coupled plastic-damage stage is
further broken down into the plastic-dominated zone and
the damage-dominated zone [40]. The finite element (FE)
model and boundary conditions used to calibrate the pa-
rameters of the coupled plastic-damage stage are shown
in Fig. 4. Note that the specimen was simulated by solid
element C3D10M with a fixed mesh size of 0.5 mm to
avoid mesh size effects on the FE results. One end of the
specimen is coupled with reference point RP1 and the

other end is coupled with reference point RP2. All the
degrees of freedom of RP1 are fixed, and the loading is
applied to RP2 using displacement with remaining de-
grees of freedom fixed. The quasi-static simulation is uti-
lized through the ABAQUS/EXPLICIT solver with a
total time of 1s and a time interval of 5 x 1073 s for the
mass scaling.

The FE simulation is consistent with the experimental re-
sults, as shown in Fig. 3. The calibrated parameters for
the plastic stage and coupled plastic-damage stage are
summarized in Tab. 1. The calibrated uniaxial true stress-
strain relationship without considering the damage is
shown in Fig. 5.

2.3. Calibration of fracture locus

A mesoscale failure index is generally used to link the
material fracture under different multiaxial stress status.
The basic assumption is that the critical value of the mes-
oscale failure index remains constant under multiaxial
and non-proportional loading. Based on the authors’ pre-
vious research, the homogenized value of homogenized
equivalent plastic strain eP at the microvoid surface I3 is
used [37, 38] as the mesoscale failure index. Fig. 6 shows
the mesoscale indicator evolution with increasing equiva-
lent plastic strain. The relationship between strain ratio
and fracture strain subject to uniaxial strain is fitted by a
seven-term polynomial expression. The fitted coefficients
are summarized in Tab. 2.

Tab.1 Calibrated parameters for coupled plastic-damage stage
_ 1 _
o, gp w e, B MI = ﬂ jr ePdr (1)
v v
(MPa) (=) (=) ) (=)
7 i-1
— P _n non n
124715  0.0592 0.00 0.0681 0.11 r, = Z,-zl‘gi (sUT) x ="SH/UT"," PST/UT (2)
Tab.2 Fitted coefficients of polynomial expression in Eq. (2)
& & & & & & &
¥SH/UT -0.4268 1.7349 -2.8124 2.2348 -0.7533 -0.0366 1.0031
MI
¥PST/UT 4.4981 -16.589 23.111 -15.031 4.6355 -0.7718 0.9121
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Fig.7 Comparisons between FE simulation and physical test results
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0.15

Where: UT denotes uniaxial tension stress status; SH de-
notes the pure shear stress status; PST denotes the plane
strain tension stress status.

In this paper, fracture locus (which is a function of stress
triaxiality and the Lode parameter) is identified by the
Lou-Huh model as expressed in Eq. (3).

NIZ o L -
gf =C, *3 ieoL ¢ 3)
2 1+C 3\/L2+3

Where: 17 and L refer to the stress triaxiality and the Lode
parameters averaged over the loading history which take
account of the non-proportional loading effects, as ex-
pressed in Eq. (4) and Eq. (5). C is the cut-off value and is
assumed to be 1/3 in this paper.

R S & NP

n—gfp_[onde @

O N

L:_— Ld g® 5)
gr’o

The stress triaxiality n and the Lode parameter L are
given by:

Where: 6;(i = 1, 2, 3) is the principal stress.

As shown in Fig. 7, the fracture strain subject to uniaxial
tension is determined to be 0.6975 based on the mes-

Failure mode comparisons between FE simulation and physical test results [39]
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Fig. 10 lllustration and geometry of multiaxial loading set-up

oscale failure index in which the FE simulation was con-
sistent with the test results. The failure mode of the FE
simulation is consistent with the experimental observa-
tions in [39], shown in the comparison in Fig. 8. The frac-
ture locus based on the Lou-Huh model is shown in
Fig. 9. The material parameters of fracture strains subject
to uniaxial tension (UT), plane strain tension (PST), equal
biaxial tension (EBT), in-plane shear (SH), uniaxial com-
pression (UC), and equal biaxial compression (EBC) are
listed in Tab. 3. The parameters of the fracture locus in
Eq. (3) were determined as C; = 1.45096; C, = 0.38814
and Cs = 0.6975.

Tab.3 Fracture strain at different stress status

3 Ultimate resistance of holts subject to multiaxial
loading

3.1 Finite element models

Bolted joints are generally subject to combined actions in
steel structures applications, including combined tension
load and shear actions (Ti-V7), twin shear actions (V1-V5),
and combined tension-twin shear actions (T} -V;-V5). The
loading set-up shown in Fig. 10 is used to apply different
load combinations to the bolt shank. The diameter of the
simplified bolt and nut model used in the simulation is

E{BT EIl’JST EST EgH Ell; C E]lE’B C
0.6683 0.5425 0.6975 0.6564 1.1935 1.1167

Steel Construction 15 (2022) 5
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Tab.4 Summary of boundary conditions for multiaxial loading

Number Step RP1 RP2 RP4 RP5 RP6
Rotyy, =0 Roty.,, =0
1 Uy, =0 0
Fyx =Py v
oT ) Roty, =0  Rolyy,=0  Roty,=0  pomwe=0  F0hwe=0 poy  —g
= = = v= v= =
Uy=0 Usy,=0 Uy, =0 Eop, Ul — 8 mm Usyz=0
Rotyy,=0 Rotyy,=0
2 Uy=0 Uy =
Fy=0.9Vu U,=8mm
Roty,,=0
) Rotyy, =0 o Zx%
Uyz=0 Fo=p
SS Rotyy,=0 Rotyy,=0 _TX77ss  Rotgy,= Rotyy, =0
Rot&y,z — 0 UX,y,Z = 0 Ux,y,z = 0 ROtX,y,Z — O UZ = 0 Ux,y,z = 0
2 U, = Uy=0
Uy =8 mm Fx = Pss
_ Rotyy, =0 Rotyy,=0
1 5"@‘/’2 =0 Uy=0 Uy=0
SST y ROtx’y’Z =0 ROthY-Z =0 Fy = Pgty Fyx = Pgstp ROtx’y’Z =0
Uxyz=0 Uxyz=0 Uyz=0
5 Rotyy,=0 Rotyy, =0 Rotyy,=0
Uy=8mm Fy = Pgst1 Fy = Pgsto
Tab.5 S f load values f Itiaxial loadi .
2 ummary otioac values for mfiaxial foacing 10 mm and 15 mm respectively. The parameters of the
Test number Py P, Pt P ductile frapture model deta.lled in Section 2 is used for the
bolts during ultimate resistance evaluation. The total
1 0.0 Vy 0.0 Vy 02V, 02 Vy length, width and depth of the steel loading block is
2 02V, 02V, 02V, 04V, 80 mm, 80 mm and 40 mm respectively. A cross recess
3 04V, 04V, 02 Vy 0.6 Vy with a width of 20 mm is designed in the middle to settle
4 0.6 Vy 0.6 Vy 02V, 0.8 Vy the bolt. Elastic material properties are assigned to the
5 08V, 08V, 04 Vy 04 Vy steel loading block with elastic modulus 210.0 GPa and
6 09V, 09 V, 04V, 0.6 V, Poisson’s ratio 0.3.
7 0.4V, 0.8 Vy
8 0.6 Vy 0.6 Vy Different tensile and shear actions are applied to the steel
9 06V, 0.7 Vy loading block through reference points. The details of inter-
RPT Tied to Top
Surface in Y-axial
Direction
. %{;\\v&!
STAY ,:“‘VAV,“‘
fo? Y
A 0 e\ ; o~
& fie, cf0” K
RO (e RRERE
Y, S Eaﬂ

Fig. 11

6
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Va4
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N
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FE model and boundary conditions of fitted bolt subject to multiaxial Loading specimen: a) view from the top, b) view from the below
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Tab.6 Summary of ultimate resistance in different design standards

Tensile Shear Combined tensile and shear Multiaxial loading

FoosV (Eo) Foioal (Forea) [(Fng)

GB 50017 NP =fPA Ny = Afy SR 4 LB <10 SVAEd | | V2R | _LEd ) <10
Ey ra Fi ra Fyira Fyyra E R

_ (pRn = (PFntAb
AISC360  gRy=9Fudy  oRo=gFndy o o PR = O Ay
" v @Ry = pFpy2Ap
b b F, E E, F, E
EN1993-1-8 F gy = k,fPA F, o= o, fPA VEd . _TtEd o1 VL,Ed , fV2,Ed tEd <10
' VM2 ' Ym2 Fyra 14Fgq Fyyra Fore L14Fra

Where: ¢

is the reduction factor, defined as 0.75 in this paper

Ay, s the effective bolt area calculated according to the nominal diameter
Wiz is the partial safety factor of ultimate resistance, defined as 1.25 in this paper

k, s the reduction factor, defined as 0.9
a, is also the reduction factor, defined as 0.6

F'y¢ is the corrected nominal tensile strength modified to include the influence of shear stress; can be determined as follows:

Fl

nt

= 1'3Fnt_(mefrv < Fnt

nv

frv  is the required shear stress using LRFD or ASD load combinations

F,; is the nominal tensile stress

F',y is the corrected nominal shear strength (including the influence of tensile stress); can be determined as follows:

, F
F nv - 1'3an_ (P;:vt it S an
nf

F,, is the nominal shear stress

frt  is the required tensile stress using LRFD or ASD load combinations.

actions between the reference points and the steel block are
illustrated in Fig. 11. The boundary conditions and load
values of the multiaxial loading are summarized in Tab. 4
and 5. A total of 21 models are calculated in this study.

3.2 Design recommendations

High-strength bolts up to grade 10.9 are covered by Chi-
nese code GB 50017 [39], American code AISC-360 [41]
and European code EN1993-1-8:2005 [42]. The ultimate
resistance of bolts in different design standards is summa-
rized in Tab. 6. Noted that the ultimate resistance subject
to multiaxial loading has been extended to include the
combined tensile and shear resistance equation.

T

V1 =04V,

V,1 =0.6Y,

Fig. 12 Failure modes of bolts exposed to combined tensile and shear actions

33 Ultimate resistance of bolts under combined tensile
and shear loading

Fig. 12 shows the failure modes under combined tensile
and shear loading. In general, the bolts presented typical
tensile-dominated failure when the shear force was zero.
With increasing shear force, the failure mode changed to
combined tensile-shear failure mode. The inclined angle of
failure surface increased with increasing shear force val-
ues. Fig. 13 compares the ultimate capacity under com-
bined shear and tensile loading of the numerical simula-
tion with the design standards. Note that the experimental
values of grade 10.9 bolts (M16, M20 and M24) under
combined tension and shear actions reported in [11] is also
illustrated in Fig. 13. The experimental results correlate

V,, =0.8V,

Steel Construction 15 (2022) 17
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Fig. 13 Comparison between the ultimate capacity under combined tensile and shear actions of the numerical simulation and the design standards (the experi-
mental observations are reproduced from [11, 43, 44]); a) comparisons between FE and Chinese/American Code, b) comparisons between FE and

EN1993-1-8 results

well with the numerical simulations. Comparisons be-
tween the numerical simulations and Chinese code GB
50017 [39]/American code AISC-360 [41] in Fig. 13a show
that predictions for the grade 10.9 bolt under combined
tensile and shear loading were not on the safe side. In com-
parisons between the numerical simulation and European
code EN1993-1-8 [42], the European code consistently
provides conservative predictions for the bolt strength, es-
pecially under combined tensile and shear loading.

33 Ultimate resistance of bolts under biaxial shear
loading

Fig. 14 shows the failure modes under twin shear loading.
All the bolts presented a horizontal crack surface when
under twin shear loading. The displacement in the other
direction increased with increasing shear force values in
other directions. Fig. 15 shows the ultimate resistance
under twin shear loading of the numerical simulation in
comparison with the design standards. Here too, predic-
tions for the grade 10.9 bolt under twin shear loading were

,"=0.2V, V, =0.4V,

V,'=0.6V,

three dimension view of Biaxial Shear Loading fracture

Fig. 14 Failure modes of bolts subject to biaxial shear loading

8 Steel Construction 15 (2022)

relatively unsafe in the comparisons between the numeri-
cal simulation and Chinese code GB 50017 [39]/American
code AISC-360 [41], while in comparisons between the
numerical simulation and European code EC3 [42], the
European code EC3 [42] again gave conservative predic-
tions for bolt strength, especially under twin shear loading.

3.4  Ultimate resistance of bolts under multiaxial loading

The failure modes under multiaxial loading are shown in
Fig. 16. The failure mode changed to combined tensile-
shear failure mode with increasing shear force value.
Fig. 17 shows the ultimate resistance under multiaxial
loading of the numerical simulation in comparison with
the design standards. The results show that European
code EN1993-1-8 [42] provides conservative predictions
for bolt resistance under multiaxial loading compared
with the numerical simulation. In the comparisons be-
tween the numerical simulation and Chinese code GB
50017 [39]/American code AISC-360 [41], the numerical
resistance surface is covered by the resistance surface of

H’f
X X

,'=0.8V,
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Fig. 15 Comparison between the ultimate resistance under twin shear actions of the numerical simulation and the design standards; a) comparisons between
FE and Chinese/American Code, biaxial shear loading, b) comparisons between FE and EC3 Code

Vy '=0.4V, Vu =04V, Vy, =0.6V, V,, =0.6V, V,1 *=0.4V, Vu =04V, Vo '=0.6V, Vi "=0.6Y,
V,2 *=0.6V, Vi =08V, Vy2 =06V, V,» *=0.7V, V,2 =0.6V,, Viz =0.8V, V2 '=0.6V, V2 =07V,
a) three dimension view of Multiaxial Loading fracture b) three dimension view of Multiaxial Loading fracture

Fig. 16 Failure modes of bolts under tension-biaxial shear loading

0.8

0.6
TI‘/TQ
0.4
0.2
0.0
0.2
02 &% 0.4
: 0.6
0.6
Vit NV 10 1.0 &8 V"N
Numerical Results GB-50017 Numerical Results EC3 Numerical Results AISC-360
a) | | b) [] | 0)

Fig. 17 Comparison between the ultimate capacity under multiaxial actions of the numerical simulation and the design standards; a) comparisons between FE
and Chinese code, b) comparisons between FE and EC3 code, ¢) comparisons between FE and American code

the design standard close to the axis where one loading 4 Discussion of the results
dominates, that means the predicted bearing capacity of
bolts is greater than the value suggested from design  In this paper we considered the nominal values of bolt

specification. However, the design standards provide un-  grade and geometry to investigate the most suitable pre-
safe predictions when they are compared to FEA results  diction function to ensure the consistent safety of differ-
for bolts under loading i.e. a middle area in Fig. 17a, c. ent load cases.
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Fig. 18 Comparison between the ultimate resistance under multiaxial actions of the numerical simulation and the modified Chinese code; a) calibration of multi-
axial loading factor for shear resistance &, b) calibration of multiaxial loading factor for tensile resistance &, c) comparisons between numerical simu-

lation and design recommendations
41 Chinese design standard

Based on the comparison in Section 3, as expressed in
Eq. (8), we proposed two modification factors, namely
the multiaxial loading factor for shear resistance &, and
the multiaxial loading factor for tensile resistance & based
on the design formula in Chinese code GB-50017. First,
the &, was calibrated based on the ultimate resistance of
bolts under biaxial shear loading. We calculated &, to be
0.95 as presented in Fig. 18a. Then the & was calibrated
based on the ultimate resistance of bolts under combined
tensile and shear loading. The & was also calculated to be
0.95 as shown in Fig. 18b. Comparison between the resist-
ance under multiaxial actions of the numerical simulation
and the modified GB-50017 is shown in Fig. 18c. The nu-
merical resistance surface is enveloped by the resistance
surface of design standard. In addition, the difference be-
tween the numerical resistance surface and the resistance
surface of design standard is small, indicating validation
of the calibrated parameters.

2 2 2
F V1,Ed K V2,Ed Ft,Ed <10 ®)
& F V1,Rd & B V2,Rd étFt,Rd

42  European design standard

In this section we discuss the exponent and two modifica-
tion factors &, and & based on the comparison in Section
3, as expressed in Eq. (9). The exponent of EN1993-1-
8:2005 is proposed as 1.0. As shown in Fig. 19, an expo-
nent 1.0 is adopted to enable the simulated value to cover
design recommendations in the three-dimensional figure.
However, it produces a conservative prediction for com-
bined tensile-shear actions, especially close to tensile-
dominated ultimate resistance. When we compare the
different exponents in Fig. 19, it is clear that exponent 2.0
give a better prediction in terms of overall trend. The ex-
ponent is proposed as 2.0, which is also consistent with
Chinese and American design recommendations. The
overestimation of shear-dominated ultimate resistance is
revised by two modification factors &, and ¢&. Fig. 20
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Fig. 19 Discussion of European code exponent

shows a comparison of the modified European code with
the numerical/experimental results. We concluded that
the better fits (where the prediction resistant function is
more consistent with the experimental results) occurred
when ¢, is 0.90 and & is 1.05. The conservative prediction
under combined uniaxial tension-biaxial shear loading
from current recommendations in European code
EN1993-1-8:2005 can be improved by using m = 2.0,
£,=0.90 and & = 1.05 in Eq. (9).

F " (F " (e )
V1,Ed 4| TV2Ed 4| TtEd <1.0 )
& F V1,Rd & F V2,Rd gtFt,Rd

5 Conclusions

Bolted connections are generally subject to combined ac-
tions, e.g. combined tension and shear actions, biaxial
shear actions, and combined tension-biaxial shear ac-
tions. However, it is relatively difficult and time-consum-
ing to conduct physical experiments in which multiaxial
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Fig.20 Comparison between the ultimate resistance under multiaxial actions of the numerical simulation and the modified European code; a) calibration of
multiaxial loading factor for shear resistance &, b) calibration of multiaxial loading factor for tensile resistance &, c) comparisons between numerical

simulation and design recommendations

loading is applied to (high-strength) bolts. We calibrated

th

e fracture locus of grade 10.9 bolts using the mesoscale

critical equivalent plastic strain (MCEPS). Then we nu-
merically evaluated the ultimate resistance of bolts under
multiaxial loading using the ductile fracture simulation
procedure. The following conclusions can be drawn:

1.

The fracture strain under uniaxial tension was deter-
mined to be 0.6975 based on the mesoscale failure
index in which the FE simulation was consistent with
the test results. The fracture locus parameters
were determined as C; = 1.45096; C, = 0.38814 and
Cs=0.6975.

The ultimate bolt resistance subject to multiaxial load-
ing was compared with current design standard.
The results showed that predictions for the grade 10.9
bolt subject to multiaxial loading from Chinese code
GB 50017 and American code AISC-360 are on the
unsafe side while the European code EN1993-1-8:2005
provide a conservative prediction for bolt strength
under multiaxial loading. It is worth mentioning that
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