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

Haohui Xin, Jie Li, Milan Veljkovic, Yuqing Liu, Qing Sun

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 xv and 
the multiaxial loading factor for tensile resistance xt.

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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2.1 	 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 

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 bolts

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].

Fig. 3. 	 Comparisons between FE (without damage) and experimental re-
sults (Experimental data is reproduced from [39])

Fig. 1 	 Illustration of material tests to obtain fracture locus (Type 1 and 2 is reproduced from references [12, 31])

Fig. 2. 	 Tensile coupon specimens of grade 10.9 bolt [39]
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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 × 10–5 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 e p at the microvoid surface Gv 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.
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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 

Fig. 5 	 Uniaxial true stress-strain curves without considering the damage

Fig. 4 	 Finite element model and boundary conditions of bolt specimen

Tab. 1 	 Calibrated parameters for coupled plastic-damage stage

uσσ
u
pεε W d-1

pεε B

(MPa) (––) (––) (––) (––)

1247.15 0.0592 0.00 0.0681 0.11

Tab. 2 	 Fitted coefficients of polynomial expression in Eq. (2)

x1 x2 x3 x4 x5 x6 x7

MI
rSH/UT –0.4268 1.7349 –2.8124 2.2348 –0.7533 –0.0366 1.0031

rPST/UT 4.4981 –16.589 23.111 –15.031 4.6355 –0.7718 0.9121
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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).
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Where: h 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.
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The stress triaxiality h and the Lode parameter L are 
given by:

	
3
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Where: si(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-

Fig. 6 	 Mesoscale indicator evolution along with the equivalent plastic 
strain

Fig. 7 	 Comparisons between FE simulation and physical test results

Fig. 8 	 Failure mode comparisons between FE simulation and physical test results [39]
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3 	 Ultimate resistance of bolts 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 (Tt-V1), twin shear actions (V1-V2), 
and combined tension-twin shear actions (Tt -V1-V2). 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 

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 C1 = 1.45096; C2 = 0.38814 
and C3 = 0.6975.

Fig. 9 	 Fracture locus of grade 10.9 bolts: a) fracture strain vs. stress triaxiality subject to plane stress status, b) fracture locus as a function of the stress 
triaxiality and Lode parameter

Tab. 3 	 Fracture strain at different stress status

EBT
pεε PST

pεε UT
pεε SH

pεε UC
pεε EBC

pεε

0.6683 0.5425 0.6975 0.6564 1.1935 1.1167

Fig. 10 	 Illustration and geometry of multiaxial loading set-up
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10 mm and 15 mm respectively. The parameters of the 
ductile fracture model detailed in Section 2 is used for the 
bolts during ultimate resistance evaluation. The total 
length, width and depth of the steel loading block is 
80 mm, 80 mm and 40 mm respectively. A cross recess 
with a width of 20 mm is designed in the middle to settle 
the bolt. Elastic material properties are assigned to the 
steel loading block with elastic modulus 210.0 GPa and 
Poisson’s ratio 0.3.

Different tensile and shear actions are applied to the steel 
loading block through reference points. The details of inter-

Tab. 4 	 Summary of boundary conditions for multiaxial loading

Number Step RP1 RP2 RP3 RP4 RP5 RP6

ST

1

Rotx,y,z = 0
Uy = 0

Rotx,y,z = 0
Ux,y,z = 0

Rotx,y,z = 0
Ux,y,z = 0

Rotx,y,z = 0
Uy,z = 0
Fx = Pst

Rotx,y,z = 0
Uy,z = 0

Rotx,y,z = 0
Ux,y,z = 0

2
Rotx,y,z = 0
Uy = 0
Fx = Pst

Rotx,y,z = 0
Uy = 0
Uz = 8 mm

2
Rotx,y,z = 0
Uy = 0
Fx = 0.9Vu

Rotx,y,z = 0
Uy = 0
Uz = 8 mm

SS

1
Rotx,y,z = 0
Uy,z = 0

Rotx,y,z = 0
Ux,y,z = 0

Rotx,y,z = 0
Ux,y,z = 0

Rotx,y,z = 0
Uy,z = 0
Fx = Pss Rotx,y,z = 0

Uz = 0
Rotx,y,z = 0
Ux,y,z = 0

2
Rotx,y,z = 0
Uz = 0
Uy = 8 mm

Rotx,y,z = 0
Uy = 0
Fx = Pss

SST

1
Rotx,y,z = 0
Uy = 0 Rotx,y,z = 0

Ux,y,z = 0
Rotx,y,z = 0
Ux,y,z = 0

Rotx,y,z = 0
Uy = 0
Fx = Psst1

Rotx,y,z = 0
Uy = 0
Fx = Psst2

Rotx,y,z = 0
Ux,y,z = 0

2
Rotx,y,z = 0
Uy = 8 mm

Rotx,y,z = 0
Fx = Psst1

Rotx,y,z = 0
Fx = Psst2

Tab. 5 	 Summary of load values for multiaxial loading

Test number Pst Pss Psst1 Psst2

1 0.0 Vu 0.0 Vu 0.2 Vu 0.2 Vu

2 0.2 Vu 0.2 Vu 0.2 Vu 0.4 Vu

3 0.4 Vu 0.4 Vu 0.2 Vu 0.6 Vu

4 0.6 Vu 0.6 Vu 0.2 Vu 0.8 Vu

5 0.8 Vu 0.8 Vu 0.4 Vu 0.4 Vu

6 0.9 Vu 0.9 Vu 0.4 Vu 0.6 Vu

7 0.4 Vu 0.8 Vu

8 0.6 Vu 0.6 Vu

9 0.6 Vu 0.7 Vu

Fig. 11 	 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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3.3 	 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 

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.

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

Tab. 6 	 Summary of ultimate resistance in different design standards

Tensile Shear Combined tensile and shear Multiaxial loading

GB 50017 t
b

t
b

sN f A= v
b

v
bN Af=

F
1 0V,Ed

V,Rd

2

t,Ed

t,Rd

2
F

F

F
.









 +









 ≤ 1 0V1,Ed

V1,Rd

2

V2,Ed

V2,Rd

2

t,Ed

t,Rd

2
F

F

F

F

F

F
.









 +









 +









 ≤

AISC-360 jRn = jFntAb jRn = jFnvAb
jRn = jFntAb

jRn = jFnvAb

jRn = jFntAb

jRn = jFnv1Ab

jRn = jFnv2Ab

EN1993-1-8 t,Rd
2 u

b

M2

F
k f A
γ

= v,Rd
v u

b

M2

F
f Aα

γ
=

1 4
1 0V,Ed

V,Rd

t,Ed

t,Rd

F

F

F

. F
.+ ≤

1 4
1 0V1,Ed

V1,Rd

V2,Ed

V2,Rd

t,Ed

t,Rd

F

F

F

F

F

. F
.+ + ≤

Where: j
Ab

γM2

k2

av

F'nt

frv
Fnt

F'nv

Fnv

frt

is the reduction factor, defined as 0.75 in this paper
�is the effective bolt area calculated according to the nominal diameter
�is the partial safety factor of ultimate resistance, defined as 1.25 in this paper
is the reduction factor, defined as 0.9
is also the reduction factor, defined as 0.6
�is the corrected nominal tensile strength modified to include the influence of shear stress; can be determined as follows:

1 3nt nt
nt

nv
rv ntF ' . F

F
F

f F
ϕ

= − ≤

is the required shear stress using LRFD or ASD load combinations
is the nominal tensile stress
�is the corrected nominal shear strength (including the influence of tensile stress); can be determined as follows:

1 3nv nv
nv

nt
rt nvF ' . F

F
F

f F
ϕ

= − ≤

is the nominal shear stress
�is the required tensile stress using LRFD or ASD load combinations.
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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 

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.

3.3 	 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 

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

Fig. 14 	 Failure modes of bolts subject to biaxial shear loading
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4 	 Discussion of the results

In this paper we considered the nominal values of bolt 
grade and geometry to investigate the most suitable pre-
diction function to ensure the consistent safety of differ-
ent load cases.

the design standard close to the axis where one loading 
dominates, that means the predicted bearing capacity of 
bolts is greater than the value suggested from design 
specification. However, the design standards provide un-
safe predictions when they are compared to FEA results 
for bolts under loading i.e. a middle area in Fig. 17a, c.

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

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

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, c) comparisons between FE and American code
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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 xv is 0.90 and xt 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, 
xv = 0.90 and xt = 1.05 in Eq. (9).

	 1.0V1,Ed

v V1,Rd

m

V2,Ed

v V2,Rd

m

t,Ed

t t,Rd

m
F

F

F
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
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 +









 ≤ � (9)

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 

4.1 	 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 xv and 
the multiaxial loading factor for tensile resistance xt based 
on the design formula in Chinese code GB-50017. First, 
the xv was calibrated based on the ultimate resistance of 
bolts under biaxial shear loading. We calculated xv to be 
0.95 as presented in Fig. 18a. Then the xt was calibrated 
based on the ultimate resistance of bolts under combined 
tensile and shear loading. The xt 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.
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4.2 	 European design standard

In this section we discuss the exponent and two modifica-
tion factors xv and xt 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 xv and xt. Fig. 20 

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 xv, b) calibration of multiaxial loading factor for tensile resistance xt, c) comparisons between numerical simu-
lation and design recommendations

Fig. 19 	 Discussion of European code exponent
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A
RTICLE

the same conclusion is valid even for the draft version 
of EN1993-1-8:2021.

3.	 We proposed two modification factors, namely multi-
axial loading factor for shear resistance xv and multi-
axial loading factor for tensile resistance xt based on 
Chinese code GB-50017 to better predict bolt strength 
under multiaxial loading. The xv and xt are 0.95 based 
on a short parametric study. After the modification, 
the complete numerical resistance surface is covered 
by the resistance surface of the design standard. In ad-
dition, the difference between the numerical resist-
ance surface and the resistance surface of design 
standard is relatively small.

4.	 We also discussed the exponent and two modification 
factors xv and xt based on EN1993-1-8:2005 to im-
prove the prediction of bolt strength under multiaxial 
loading. The better fits occurred when m = 2.0, 
xv = 0.90 and xt = 1.05. The conservative prediction, 
especially under uniaxial tension-biaxial shear actions, 
is improved compared with current recommendations 
of European code EN1993-1-8:2005.

loading is applied to (high-strength) bolts. We calibrated 
the 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 C1 = 1.45096; C2 = 0.38814 and 
C3 = 0.6975.

2.	 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 

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 xv, b) calibration of multiaxial loading factor for tensile resistance xt, c) comparisons between numerical 
simulation and design recommendations

References

[1]	 Chesson Jr, E.; Faustino, N. L.; Munse, W. H. (1965) High-
strength bolts subjected to tension and shear. J Struct Div 
91, No. ST5, pp. 155–180.

[2]	 Nair, R. S.; Birkemoe, P. C.; Munse, W. H (1974) High 
strength bolts subject to tension and prying. J Struct Div 
100, pp. 351–372.

[3]	 Grimsmo, E. L.; Aalberg, A.; Langseth; M.; Clausen A. H. 
(2016) Failure modes of bolt and nut assemblies under ten-
sile loading. J Constr Steel Res 126, pp. 15–25.

[4]	 Coelho, A. M. G; Bijlaard, F. S. K.; da Silva, L. S. (2004) 
Experimental assessment of the ductility of extended end 
plate connections. Eng Struct 26, pp. 1185–1206.

[5]	 Coelho, A. M. G; Bijlaard, F. S. K. (2007) Experimental be-
haviour of high strength steel end-plate connections. J Con-
str Steel Res 63, pp. 1228–1240.

[6]	 D’Aniello, M.; Cassiano, D.; Landolfo, R. (2016) Monotonic 
and cyclic inelastic tensile response of European preloada-
ble gr10.9 bolt assemblies. J Constr Steel Res 124, pp. 77–90.

[7]	 Francavilla, A. B; Latour, M.; Piluso, V.; Rizzano, G. (2016) 
Bolted T-stubs: A refined model for flange and bolt fracture 
modes. Steel Compos Struct 20, pp. 267–293.

[8]	 Hedayat, A. A.; Afzadi, E. A.; Iranpour, A. (2017) Prediction 
of the bolt fracture in shear using finite element method. 
Structures 12, pp. 188–210.

[9]	 Hu, Y.; Shen, L.; Nie, S.; Yang, B.; Sha, W. (2016) FE simu-
lation and experimental tests of high-strength structural 
bolts under tension. J Constr Steel Res 126, pp. 174–186.

[10]	Guo, H.; Liang, G.; Li, Y.; Liu, Y. (2017) Q690 high strength 
steel T-stub tensile behavior: Experimental research and 
theoretical analysis. J Constr Steel Res 139, pp. 473–83.

[11]	Li, D.; Uy, B.; Wang, J.; Song, Y. (2020) Behaviour and de-
sign of Grade 10.9 high-strength bolts under combined ac-
tions. Steel Compos Struct 35, pp. 327–41.

[12]	Li, D.; Uy, B.; Wang, J.; Song, Y. (2020) Behaviour and de-
sign of high-strength Grade 12.9 bolts under combined ten-
sion and shear. J Constr Steel Res 174, pp. 106305.

[13]	Song, Y.; Wang, J.; Uy, B.; Li, D. (2020) Stainless steel bolts 
subjected to combined tension and shear: Behaviour and 
design. J Constr Steel Res 170, pp. 106122.

[14]	Benzerga, A. A.; Leblond, J.-B. (2010) Ductile Fracture by 
Void Growth to Coalescence. Adv Appl Mech 10, pp. 169–
305.



12	 Steel Construction 15 (2022)

H. Xin, J. Li, M. Veljkovic, Y. Liu, Q. Sun: Evaluating the strength of grade 10.9 bolts subject to multiaxial loading using the micromechanical failure index: MCEPS

[30]	Marcadet, S. J.; Mohr, D. (2015) Effect of compression-ten-
sion loading reversal on the strain to fracture of dual phase 
steel sheets. Int J Plast 72, pp. 21–43.

[31]	Lou, Y.; Yoon, J. W.; Huh, H. (2014) Modeling of shear 
ductile fracture considering a changeable cut-off value for 
stress triaxiality. Int J Plast 54, pp. 56–80.

[32]	Lou, Y.; Huh, H.; Lim, S.; Pack, K. (2012) New ductile frac-
ture criterion for prediction of fracture forming limit dia-
grams of sheet metals. Int J Solids Struct 49, pp. 3605–3615.

[33]	Cao, T. S. (2017) Models for ductile damage and fracture 
prediction in cold bulk metal forming processes: a review. 
Int J Mater Form 10, pp. 139–171.

[34]	Chaboche, J.-L. (1984) Anisotropic creep damage in the 
framework of continuum damage mechanics. Nucl Eng 
Des 79, pp. 309–319.

[35]	Lemaitre, J. (1986) Local approach of fracture. Eng Fract 
Mech 25, pp. 523–537.

[36]	Lemaitre, J.; Desmorat, R. (2005) Engineering damage me-
chanics: ductile, creep, fatigue and brittle failures. Berlin, 
Heidelberg: Springer.

[37]	Xin, H.; Correia, J. A. F. O.; Veljkovic, M.; Berto, F. (2021) 
Fracture parameters calibration and validation for the high 
strength steel based on the mesoscale failure index. Theor 
Appl Fract Mech 112, pp. 102929.

[38]	Xin, H.; Veljkovic, M; José, A. F. O.; Correia, Berto, F. 
(2021) Ductile fracture locus identification using mesoscale 
critical equivalent plastic strain. Fatigue Fract Eng Mater 
Struct 44, pp. 1292–1304.

[39]	GB 50017-2003 (2003) Code for design of steel structures 
Beijing. China Architecture & Building Press [in Chinese].
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