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A B S T R A C T   

Bolted connections are one of the key connection configurations in steel structures. The ductile fracture pre
diction is one of the challenges in the structural integrity evaluating of steel structures. To guarantee the safety of 
steel bridge in connections, an accurate assessment of the ultimate resistance of high-strength bolts under 
combined tensile-shear loads is necessary. However, the impacts of various parameters on high-strength bolts 
under combined tensile-shear loads are not sufficiently analysed in the existing references. Hence, in this paper, 
the validated mesoscale critical equivalent plastic strain (MCEPS) method is used to evaluate the ultimate 
resistance of high-strength bolts with different bolt grades, bolt diameters, bolt types, hole clearance, and preload 
force when the bolts are exposed to combined tensile-shear loading. The simulation results are compared to 
existing design specifications. Finally, the formula modifications in the existing design standards are proposed 
based on statistical analysis on numerical parametric results.   

1. Introduction 

When evaluating the structural integrity of steel constructions, 
connections are frequently the most important factor. Bolts, one of the 
most fundamental forms of connections, are used to convey external 
force between two components. Properly designed bolted connections 
should not be the weak link caused by the lower ductility during load 
transferring [1,2]. Any damage to the bolted connections will compro
mise the structural integrity of the entire structure, and structural failure 
may eventually occur. [3]. Ductile fracture of steel connectors under 
occasional extreme loading is therefore one of the challenges in assess
ing the structural integrity of connections during steel structures design 
[4]. 

The failure of bolted connections could be divided into two types: 
steel plates and high strength bolts. To ensure the safety of bolted con
nections, i.e. the safety of the entire steel bridge structure, the ultimate 
resistance of high strength bolts under composite loads must be accu
rately assessed, in addition to steel plates. Current steel design standards 
propose equations for assessing the ultimate strength of high strength 

bolts, including the GB-50017 [5] in China, the EN 1993-1-8 (EC3) in 
Europe [6], the AISC-360 in the USA [7], and the AS 4100 in Australia 
[8]. Noted that the grade of the high-strength bolt is limited to Grade 8.8 
in AS 4100, Grade 10.9 in EC3, GB-50017, and AISC-360. Use of Grade 
12.9 bolts in steel constructions is restricted by the lack of adequate 
experimental findings and design formulas. The prediction formula for 
high-strength bolts exposed to combined tensile-shear loading shows 
scattering from the existing design formulas. It means that the influence 
of various parameters was not clearly addressed in the reduction of 
bearing resistance. 

Several researchers have used experimental or numerical methods to 
predict the maximum resistance of bolts [9–14]. However, the bolt 
serves as a connection within the joint regions to guarantee the consis
tency of the load transmission, and it must withstand multiple events at 
once, especially in a coupled tensile-shear condition. Only a small 
amount of research has considered the complex load effects in earlier 
literature [15–19]. Influence of various parameters on the bearing 
resistance of high-strength bolts under complex stress states (combines 
tension and shear loading) requires rather cumbersome test-setup 
[20,21]. In addition, establishing all pertinent bolted connection 
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configurations takes a lot of time and money for full-scale trials. A so
lution is provided by finite element simulation (FE), which accurately 
captures the mechanical properties of high-strength bolts and predicts 
their eventual bearing performance under challenging situations 
[22–26]. 

In this paper, the uncoupled ductile fracture model of high-strength 
steel was adopted to analyse the failure of high-strength bolts under 
different influencing factors using the mesoscale failure index [27–29]. 
Experimental results were obtained from reference [19, 30], and a good 
agreement was obtained by comparing with the experimental results. 
Afterward, five interesting parameters, including steel grade, type 
(partially or fully threaded), diameter, hole clearance, and pretension 
force, were considered as the influencing factor for numerical simula
tion. Furthermore, the simulated results were compared with the exist
ing international design provisions, and modifications were proposed to 
the design standards to improve the accuracy of predictions. 

2. Validation of finite element model 

2.1. Stress-strain relationship 

The FE software ABAQUS was used to predict the ductile fracture of 
bolts. The material parameters of the uncoupled ductile fracture model 
were calibrated using mesoscale critical equivalent plastic strain 
(MCEPS) methods. The material parameters calibration of the uncou
pled ductile fracture model could be divided into two parts. First part, 
calibrating material parameters for true stress-strain curves with 
emphasis on post-necking stage by comparing numerical results and 
experimental data. More detailed procedures can be referred to [27]. 
Second part, calibrating the fracture locus using mesoscale critical 
equivalent plastic strain (MCEPS) as failure index based on computa
tional homogenization methods. More detailed procedures can be 
referred to [28,29]. The explanations of material parameters were 
described in Appendix A. The tensile specimen was conducted under 

Nomenclature 

A, As gross, equivalent cross-section area of the bolt in EC3. 
Ac, A0 area with minor diameter/nominal plain-shank of the bolt 

in AS 4100. 
C, C1, C2, C3 the cut-off value/the calibrated parameter in ductile 

fracture locus eq. C = 1/3 
Cʹ constant coefficient in the modified equation. 
Fnt , Fnt

ʹ, Fnv, Fnv
ʹ nominal tensile/shear strength in AISC-360. 

L Lode parameter averaged over the loading history. 
Ntf nominal tensile capacity of a bolt in AS 4100. 
Py, Px, Pu ultimate resistance in the tensile direction, shear direction, 

and combined direction. 
P0 the theoretical ultimate tensile strength resistance of high- 

strength bolts; defined as P0 = fb
u As. 

Uy, Ux axial/shear displacement. 
Vf nominal shear capacity of a bolt in AS 4100. 
fb
u , fb

t , fb
v the ultimate/equivalent tensile/shear strength for the 

tensile resistance prediction. 
frv, frt required shear/tensile stress using LRFD or ASD load 

combinations in AISC-360. 

fuf minimum tensile strength of the bolt in AS 4100. 
k loading factor for shear resistance in the modified 

equation. 
k2 reduction factor in Eurocode 3, k2 = 0.9. 
kr reduction factor to account for the length of a bolted lap 

connection; defined as 1.0. 
m power coefficient in modified equation. 
nn, nx number of shear planes with/without threads intercepting 

the shear plane. 
αv reduction factor for shear resistance in Eurocode 3; 
εp, εp

u, εp
pl,f corresponding/maximum/fracture plastic strain when the 

true stress without considering necking and damage 
effects. 

η stress triaxiality averaged over the loading history. 
Φ capacity factor in AS 4100; defined as 0.8. 
γt, γv limit in the tensile/shear direction in the modified 

equation. 
γM2 partial safety factor of ultimate resistance in Eurocode 3. 
δy, δx fracture deformation in axial tension/shear direction. 
ξt, ξv multiaxial loading factor for tensile/shear resistance. 
σneck, σ corrected true stress for necking and post-damage.  

Fig. 1. Geometric size and Boundary condition of the Tension specimen 
(Units: mm). 

Fig. 2. Engineering stress-strain of high strength bolts.  
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displacement control mode, as presented in Fig. 1. The C3D10M trian
gular elements were used with the fixed size of 0.5 mm. The time 
increment was set to 1 × 10− 5 s. The ductile fracture simulation was 
achieved via the VUSDFLD user subroutine. Fig. 2 shows the results of 
the parametric calibration of high strength bolts of grades 8.8, 10.9, and 
12.9 with a mesh size of 0.5 mm. Noted that the mesh size will affect the 
fracture parameters in Table 1 [31]. A good agreement was observed 
when comparing the stress-strain relationships of the calibrated results 

with the tested data. The difference of ultimate strengths and engi
neering strain at fracture point was within 5%, which can be considered 
as a high fidelity for the material parameter calibration. 

The boundary conditions and geometry of the combined tensile- 
shear bearing model are shown in Fig. 3. The bolt was loaded by two 
blocks with linear elastic material properties, considered all contact 
surfaces set to ‘hard contact’ in normal direction and a coefficient of 
friction of 0.3 in the tangential direction. The elastic modulus is defined 
as 210.0GPa and the Possion's ratio is defined as 0.3 for the steel loading 
block. Two reference points RP-1 and RP-2 were assigned to the upper 
and lower blocks. The different ratios of axial and tangential displace
ment were applied to the RP-1, whilst the RP-2 was fixed. The di
mensions of the bolt, nut, and pitch were important for the simulation of 

Table 1 
Calibrated material parameter of high strength bolts (mesh size = 0.5 mm).*  

Grade 8.8 10.9 12.9 

Elastic Modulus E (GPa) 202.95 207.08 200.69 
Yield Strength (MPa) 857.38 1003.82 1125.63 

Ultimate Strength (MPa) 924.97 1175.46 1281.31 
W 0 0 0 
σu 943.94 1247.15 1336.41 
εp

u 0.0203 0.0592 0.0421 
εp

d− i 0.0489 0.0839 0.0532 
C1 2.64 2.70 1.86 
C2 0.78 0.31 0.57 
C3 0.83 0.66 0.46  

* Note: C1, C2, C3 are material parameters of fracture locus, the detailed 
equations are shown in Appendix A. 

Fig. 3. Boundary condition and geometric size of the model.  

Table 2 
Geometry dimensions of high strength bolts.  

Geometry size  Nut (mm) Bolt (mm) 

Diameter Thickness Pitch Diameter 

Dmaj Dp  

M16 27 14 2.0 16 14.72 
M20 34 17 2.5 20 18.38 
M24 36 21 3.0 24 22.05  

H. Xin et al.                                                                                                                                                                                                                                      
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the components, which were specified in accordance with specifications 
IS 262:2:1998 [32] and EN 14399–3 [33] respectively. The detailed 
dimensions are summarized in Table 2. The reference point RP-3 was 

coupled with each edge of the nut when pre-tension force was required 
by turning the nut. To prevent excessive deformation of the nut during 
the turning process, the nut was divided into two parts, with an elas
toplastic material on the inside and an elastic material on the outside, as 
shown in Fig. 3(d). 

2.2. Comparisons between FE simulation and test results 

The strength and deformation capacity of M20 bolts with Grade 10.9 
under different loading combinations were utilized to validate the 
developed numerical model, three loading conditions (uniaxial tension 
loading, equal combined tensile and shear loading, pure shear loading) 
were selected for comparison, as shown in Fig. 4. The bolt deformation 
was calculated from the square root of the component deformation in 
both directions and the load was obtained by extracting the resistance of 
the block. 

Fig. 5 compared the deformation-load relationship of the bolt be
tween FE simulation and test results, showing a 2.4% difference in ul
timate resistance for partially threaded bolt of grade 10.9, 2.3% for fully 
threaded bolt of grade 10.9. Furthermore, the fracture pattern of the bolt 
in the FE simulation showed a good agreement with the test observa
tions. The ductile fractures of high strength bolt were successfully 
assessed using the suggested FE model, which also showed consistency 

Fig. 4. Loading conditions for validated model.  

(a). Partially threaded bolt of Grade 10.9 (Test data from Ref[30])

(b). Fully threaded bolt of Grade 10.9 (Test data from Ref [30])

Fig. 5. Comparisons of the simulated and tested results.  
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in fracture deformation, failure mode, and ultimate resistance. 

3. Parametric analysis 

This study attempted to reveal the ultimate resistance behaviour of 
high strength bolts through a series of parametric studies using the 
validated numerical model. Five practical parameters of bolt, including 
grade, type, diameter, hole tolerance, and preload force, were consid
ered, and the ultimate resistance was extracted in different combina
tions of tension and shear loading. The simulation results obtained were 
further compared with assessment equations in the relevant 

specifications. The bolt-related calculation formular are in Appendix B. 

3.1. Effects of bolt grade 

For partially threaded bolts with a diameter of 20 mm, zero-hole 
clearance but without preload force, the ultimate resistance was pre
dicted in terms of different steel grades, including Grade 8.8, Grade 10.9, 
and Grade 12.9 respectively. Table 3 and Fig. 6 compared the ultimate 
resistance of bolts with different grades between theoretical values in 
four design codes and FE predicted results. Under combined tensile- 
shear loading, higher grade high-strength bolts exhibit lower 

Table 3 
Ultimate capacity for various grades of High-strength bolts at different loading modes.  

Bolt Tensile-shear displacement ratio (Uy/Ux) 

∞ (UT) 5 2 1.25 1 0.8 0.5 0.2 0 (SH) 

G8.8 (kN) 
Py 250.141 259.265 257.232 255.428 249.586 229.267 169.672 41.597 0 
Px 0 48.576 61.587 67.718 73.559 91.226 129.650 177.954 191.656 
Pu 250.141 263.776 264.502 264.252 260.200 246.750 213.536 182.751 191.656 

G10.9 (kN) 
Py 315.922 327.426 326.989 316.029 300.956 276.346 188.183 29.790 0 
Px 0 62.368 96.177 103.305 120.774 151.245 189.823 233.244 241.361 
Pu 315.922 333.313 340.840 332.485 324.285 315.027 267.293 235.139 241.361 

G12.9 (kN) 
Py 341.806 352.293 352.181 349.210 337.245 301.437 190.143 24.518 0 
Px 0 64.959 87.989 96.233 109.094 140.052 205.438 251.078 264.008 
Pu 341.806 358.232 363.006 362.227 354.451 332.383 279.927 252.272 264.008  

Fig. 6. Ultimate resistance comparisons with different steel grades.  
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normalized strength and performance lower plastic deformation ca
pacity, making them more prone to fracture. 

In terms of EC3 formulas, the ultimate resistance was slightly 
increased when a modest amount of shear force is applied, that is 
0 < FV,Ed/FV,Rd < 0.40; but the ultimate resistance decreased mono
tonically with increasing contribution of the shear force, that is 
0.4 < FV,Ed/FV,Rd < 1.0. The predicted results are conservative for 
almost all cases. The envelope curve of grade 8.8 was at the outermost 
side when 0 < FV,Ed/FV,Rd < 0.7, while grade 10.9 was on the outermost 
side when 0.7 < FV,Ed/FV,Rd < 1.0. In terms of GB-50017 formulas, the 
envelope of grade 10.9 was consistently at the outermost side, and the 
predicted ultimate resistance of grade 10.9 and 12.9 bolts was even 
lower than the design standard when Nv/Nb

v > 0.6. In terms of AISC-360 
formulas, the evaluated ultimate strength of G10.9 was the highest 

among the three grades when 0.6 < V*
f /Vf < 1.0, and when 

V*
f /Vf > 0.8, the predictions for grade 8.8 and 12.9 high-strength bolts 

were less than the predicted values of specification. In terms of AS 4100 
formulas, the curve of the design standard was enveloped by the pre
dicted curve of grade 10.9, while the curves of grade 8.8 and 12.9 were 
intersected with a blue curve when V*

f /Vf >0.8 and 0.7, respectively. 

3.2. Effects of bolt type 

For bolts with a diameter 16 mm, zero-hole clearance, steel grade 
10.9 but without preload force, the bolt ultimate resistance is predicted 
in terms of partially and fully threaded bolts. Table 4 and Fig. 7 
compared the ultimate resistance of the two types of bolts under 
different loading conditions. The type of bolt is a key factor that 

Table 4 
Simulated result of M16 bolt ultimate capacity.  

Simulated grade 10.9 bolts Tensile-shear displacement ratio (Dy/Dx)  

∞ (UT) 3.73 1.73 1 0.58 0.27 0 (SH) 

M16P Py 214.503 218.218 216.548 206.844 173.214 128.448 0 
Px 0 29.142 55.741 65.289 97.933 130.578 163.223 
Pu 214.503 220.156 223.607 216.903 198.982 183.166 163.223 

M16S Py 190.227 188.102 180.960 165.709 147.983 124.148 0 
Px 0 20.366 40.732 61.098 81.464 101.830 122.822 
Pu 190.227 189.201 185.488 176.614 168.924 160.568 122.822 

P0 (kN) 203.660  

Fig. 7. Ultimate resistance comparisons with different bolt type.  
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influences the fracture behaviour of bolts. Compared to fully threaded 
bolts, partially threaded bolts exhibit higher load-carrying capacity. The 
absence of threads in the shear plane ensures that partially threaded 
bolts have higher shear strength. Additionally, the fracture deformations 
in both tension and shear directions are smaller for partially threaded 
bolts. This makes partially threaded bolts a safer choice for use in 
connection joints. 

In terms of EC3 formulas, the envelopes of FE simulated resistance 
were on the outside of the suggested limits. The predicted ultimate 

resistance from EC3 formulas have excessive safety redundancy in the 
tensile-shear coupling loading state when compared with simulation 
results. In terms of GB-50017 formulas, the envelopes of FE simulation 
results were on the outside of the suggested limits for the partially 
threaded bolts, but on the inside of the suggested limits for the fully 
threaded bolts. In terms of AISC-360 and AS 4100 formulas, the pre
diction of partially threaded bolts meet the requirements and falls inside 
of the suggested limits, but the assessment for fully threaded bolts was 
on unsafe side. 

Table 5 
Simulated result of M20 and M24 bolt ultimate loading capacity.  

Simulated grade 
10.9 bolts  

Tensile-shear displacement ratio (Dy/Dx)  

UT 5 2 1.25 1 0.8 0.5 0.2 SH 

Pu 
(kN) 

M20P Py 315.922 327.426 326.989 316.029 300.956 276.346 188.183 29.790 0 
Px 0 62.368 96.177 103.305 120.774 151.245 189.823 233.244 241.361 
Pu 315.922 333.313 340.840 332.485 324.285 315.027 267.293 235.139 241.361 

M24P Py 455.281 470.461 483.447 468.342 456.719 423.991 295.929 30.642 0 
Px 0 76.977 116.752 128.312 143.848 171.205 254.123 337.643 343.669 
Pu 455.281 476.717 497.346 485.601 478.836 457.253 390.068 339.031 343.669 

M20S Py 302.239 297.125 296.961 282.359 270.304 250.427 205.175 56.559 0 
Px 0 11.278 31.838 52.157 69.106 88.508 129.651 176.443 193.982 
Pu 302.239 297.339 304.727 287.136 278.998 265.607 215.349 185.286 193.982 

M24S Py 444.683 443.590 431.386 412.108 392.133 359.900 269.003 61.380 0 
Px 0 15.094 41.302 76.111 105.455 135.006 193.020 259.634 279.019 
Pu 444.683 443.847 433.359 419.077 406.065 384.389 331.088 266.791 279.019 

P0 

(kN) 
M20  318.392 
M24  458.651  

Fig. 8. Ultimate resistance comparisons with different diameter for partially threaded bolt.  
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3.3. Effects of bolt diameter 

For bolts with zero-hole clearance, steel grade 10.9 but without 
preload force, the ultimate resistance of partially and fully threaded 
bolts is predicted in terms of diameters of 16 mm, 20 mm, and 24 mm 
respectively. 

The ultimate resistance of M16 was listed in Table 4 in the previous 
sections. The ultimate resistance of M20 and M24 bolts was summarized 
in Table 5. Fig. 8 compared the ultimate resistance of partially threaded 
bolts with different diameters between theoretical values in four design 
codes and FE predicted results. When the bolts subject to combined 
tensile and shear loading, larger diameter bolts exhibit 2% ~ 4% higher 
nominal strength. As the same time, larger diameter bolts exhibited 
higher fracture deformation, 9.5% and 5.2% higher for partially and 
fully threaded bolts, respectively. In terms of EC3 formulas, the bolt 
resistance envelope with three different diameters are all on the outside 
of the suggested limits, but the utilization of bilinear lines may under
estimate the resistance in the combined tensile-shear condition by 20%– 
30%. In terms of GB-50017 formulas, the bolts resistance from FE 
simulation was lower than the specification limits when Nv/Nb

v > 0.6. In 
terms of AISC-360 and AS 4100 formulas, the bolts resistance with di
ameters from FE simulation agreed well with specification limits. 

Fig. 9 compared the ultimate resistance of fully threaded bolts with 
different diameters between theoretical values in four design codes and 
FE predicted results. In terms of EC3 formulas, the bolt resistance en
velope with three different diameters are all on the outside of the sug
gested limits, especially the predicted values from formulas tends to be 

conservative with increasing contribution of the shear force, that is 
0.4 < FV,Ed/FV,Rd < 1.0. However, in terms of GB-50017, AISC-360, and 
AS 4100 formulas, the suggested limits overpredicted the ultimate 
resistance for the bolts with all three diameters. 

3.4. Effects of a bolt hole clearance 

For partially and fully threaded bolts with a diameter 20 mm, steel 
grade 10.9 but without preload force, the bolt ultimate resistance is 
predicted in terms of 0 mm, 1 mm and 2 mm hole clearance. As shown in 
Fig. 10, the presence of the through-hole made partially threaded bolts 
slip when subjected to shear load, thus the strength of bolts with bolt 
hole clearance was the same as uniaxial tensile strength for shear ratios 
of 0–0.3. Bolt hole clearances had different degrees of damage for high- 
strength bolts, the larger gaps of bolts exhibited the lower ultimate 
resistance. Except for the uniaxial tension status, which did not be 
affected by gaps, the ultimate resistance was reduced in all other statuses 
under four specifications. Bolt hole clearance affects the maximum 
resistance of the partially threaded bolt, and the peak value decreases by 
about 2% for every 1 mm increase in gap. Fig. 11 shows a ultimate 
resistance comparison of fully threaded bolts, all four specifications are 
not safe for the evaluation of fully threaded bolts with hole clearance. 
The FE simulation results were lower than the formula predictions from 
EC3 when 0 < FV,Ed/FV,Rd < 0.7, and were lower than the formula pre
dictions of GB-50017, AISC-360, and AS 4100 in the whole range. For 
fully threaded bolts, the ultimate resistance drops sharply with the shear 
displacement increases, the presence of bolt hole clearance slows this 

Fig. 9. Ultimate resistance comparisons with different diameter for fully threaded bolt.  
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trend but reduces the bearing capacity in the shear dominant state. 

3.5. Effects of preload force 

Controlling of the preload force is important to accomplish reliable 
connection, but too much preload force will lead to overload and frac
ture of the high-strength bolt [34]. The appropriate level of preload 
achieved during assembly is difficult to measure directly, hence various 
control methods such as torque-only, torque-turn/angle, bolt elonga
tion, and torque-to-yield are generally used to control the preload level 
induced during installation [35]. The most common control of the pre
load force in construction site is by turning the nut angle. The partially 
threaded bolts with a diameter 20 mm, zero-hole clearance and steel 
grade 10.9 is used to investigate the preload force effects. The preload 
force appropriate is 170 kN achieved for a nut rotation of 0.3 π assuming 
the friction coefficient between threads of the nut and the bolt of 0.14, 
while the displacement in the tensile and shear directions is applied in 
the second step. A control group with no preload applied was used to 
compare the effect of preload level on the mechanical behaviour of the 
bolts. Table 6 compares the nominal stiffness of the bolts with different 
preload force level, the preload force level significantly increases the 
stiffness of the bolts, except for the pure shear (SH) state. The average 
stiffness of the bolt without preload was 2.11 × 106 N/mm and was 
5.64 × 106 N/mm for pre-tensioned bolts, which increased the stiffness 
by 3.53× 106 N/mm. 

Comparison of the ultimate resistance of the bolt with preload and 
without preload applied for four specifications is shown in Fig. 12. The 
results showed that the preload force level has negligible effects on the 
ultimate resistance when the tensile force is dominated (from 0 to 0.5 in 
X-axis) while a slightly decrease of ultimate resistance is observed when 
the shear force is dominated (from 0.5 to 1.0 in X-axis). For special 
states, normal bolts have a higher resistance in uniaxial tension, while 
bolts with preload have higher strength in pure shear. In summary, it can 
be explained that the application of preload will improve the stiffness of 
the bolt, making the fracture displacement of the bolt larger and 
ensuring the stability of the structure by absorbing more energy, 
although the preload does not affect the ultimate resistance of the high- 
strength bolt, it still has a great improvement on the safety of the 
structure. 

4. Discussion of the result 

According to the above, the current design standards are not satis
factory for the assessment of the ultimate resistance of high-strength 
bolts, they are either too conservative (EC3), too optimistic (GB- 
50017, AS 4100), or inaccurate for some load combinations (AISC-360). 
In addition, the type of bolt has a major effect on the accuracy of the 
prediction, and the evaluation formula needs to be divided into two 
categories depending on whether the shear surface passes through 
threaded part of the bolt or through the shank. In summary, it is 

Fig. 10. Ultimate resistance comparisons with different hole clearance for partially threaded bolt.  
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necessary to make some amendments to the international specifications 
to ensure better fit of the bolt resistance in different tensile and shear 
ratios compare to the existing tests and simulations. 

4.1. Discuss Eurocode 3 

Eurocode 3 was conservative compared to the prediction, which 
resulted in unnecessary design overstrength in the engineering practice. 
Therefore, the non-linear equation is recommended to a new prediction 
formula, as expressed in Eq. (1), ξv, ξt, and m were used to ensure an 
accurate assessment. In addition, it was stipulated that Ft,Ed

Ft,Rd
≤ 1 

(
FV,Ed

ξvFV,Rd

)m

+

(
Ft,Ed

ξtFt,Rd

)m

≤ 1.0 (1) 

As shown in Fig. 13, the orange line is the EC3 specification-modified 
formula with 95% assurance rates, and the blue was the original EC3 
formula. With power coefficient m > 1 to improve the design strength 

and made better use of the bolt load resistance in a shear ratio between 
0.4 and 1. For partially threaded bolts, the shear resistance is 0.4 (ξv =

0.94), the tensile resistance is 1.40 (ξt = 1.40), and the power coeffi
cient is 1.30 (m = 1.30). For fully threaded bolts, the conservative 
prediction under combined uniaxial tension-shear loading from current 
recommendations in European code EC3 can be improved by using ξv =

0.98, ξt = 0.99, and m = 1.57. 

4.2. Discuss GB-50017 and AS 4100 

For the Chinese specification GB-50017 and the Australian specifi
cation AS 4100, we used the same expression, seen in Eq. (2). For the 
Chinese specification, the partially threaded bolts prediction was 
modified as ξv = 0.83, ξt = 0.94, and m = 2.00. ξv = 0.79, ξt = 0.94, 
and m = 1.66 for fully threaded bolts, as expressed in Fig. 14. the 
modification factors for the Australian norms can be obtained in the 
same way that ξv = 0.89, ξt = 0.92, and m = 2.00 for partially threaded 

Fig. 11. Ultimate resistance comparisons with different hole clearance for fully threaded bolt.  

Table 6 
Comparisons of the nominal stiffness of bolts in various states.  

Bolt Nominal stiffness (×106 N/mm) 

UT 5 2 1.25 1 0.8 0.5 0.2 SH 

No pretension 2.10 2.12 2.15 2.10 2.07 2.13 2.08 2.16 2.12 
Pretension 5.42 5.95 5.98 5.59 5.72 5.55 5.59 5.32 2.11  
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bolts, ξv = 0.78, ξt = 0.88, and m = 1.70 for fully threaded bolts. The 
comparison of the modified formula at a 95% guarantee rate for AS 4100 
and the original formula was shown in Fig. 15. 
(

NV

ξvNb
v

)m

+

(
Nt

ξtNb
t

)m

≤ 1.0 (2)  

4.3. Discuss AISC-360 

The AISC-360 specification for the combined tensile-shear status of 
the bolt's ultimate resistance prediction using a three-stage formula, the 
modification formula was shown in Eq. (3). Meanwhile, Eqs. (4) and (5) 
were proposed to ensure that the design strength was not aggressive in 

Fig. 12. Ultimate resistance comparisons with different preload force.  

Fig. 13. Discussion of European code exponent.  
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Fig. 14. Discussion of Chinese code exponent.  

Fig. 15. Discussion of American code exponent.  

Fig. 16. Discussion of American code exponent.  
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uniaxial tension and pure shear states. 

N*
tf

Ntf
+ k

V*
f

Vf
< Cʹ (3)  

V*
f

Vf
≤ γv (4)  

N*
tf

Ntf
≤ γt (5) 

Partially threaded bolts had high tensile and shear strength, the γv 
and γt were calibrated as 0.85 and 0.96. The loading factor for shear 
resistance k and linear expansion factor C can be obtained as 1.29 and 
1.43, respectively. For fully threaded bolts, the uniaxial tensile and 
shear strength were lower than partially threaded bolts, γv was obtained 
as 0.8, γt is 0.89, and k = 1.19, Cʹ = 1.16. Fig. 16 illustrated the effec
tiveness of the AISC-360 modified formula for the prediction of high- 
strength bolts. 

5. Conclusion 

Simulations on high-strength bolts with various factors were con
ducted at combined tension-shear loading. Each type of bolt was sub
jected from uniaxial tension to pure shear to obtain the ultimate 
resistance and fracture deformation, and the effects of grade, type, 
diameter, bolt hole clearance, and pre-loading were investigated. The 
simulated results were further compared with the current international 
standards. Corresponding design recommendations and modified design 
strength equations were proposed. The following conclusions can be 
drawn:  

1. The assessment of the three grades of bolts in EC3 is biased towards 
safety, while GB-50017, AISC-360, and AS 4100 are aggressive for 
G8.8 in the shear-dominated state, and the same assessment equa
tions are not applicable for G12.9.  

2. A comparison with the code shows that the simulated shear load is 
6% higher for partially threaded bolts and 22% higher for fully 
threaded bolts than the theoretical value of EC3. AISC-360, GB- 
50017, and AS 4100 have accurate predictions for partially threaded 
bolts but are overestimated for fully threaded bolts in the full 
process.  

3. For Eurocode 3, the modification factors ξt, ξv, and m are 1.40, 0.94, 
and 1.30 for the partially threaded bolt and 0.99, 0.98, 1.57 for the 
fully threaded bolt. For GB-50017, the better fits occurred for 
partially threaded bolt when ξv = 0.83, ξt = 0.94, and m = 2.00. 
ξv = 0.79, ξt = 0.94, and m = 1.66 for fully threaded bolt. For AS 
4100, the predictions are modified as ξv = 0.89, ξt = 0.92, and m =

2.00 for partially threaded bolts, ξv = 0.78, ξt = 0.88, and m = 1.70 
for fully threaded bolts. For AISC-360, the prediction equation of the 
same form as the existing specification is proposed, and the adjust
ment parameters of partially threaded bolts are: γv = 0.85, γt = 0.96, 
k = 1.29, and C = 1.43. For fully threaded bolts, the four factors are 
0.80, 0.89, 1.19 and 1.16 respectively. 
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Appendix A 

A.1. Stress-strain relationship 

The material at the necking region changes from a uniaxial stress state to a triaxial stress state when necking occurs in high-strength steel tensile 
specimens, the post-necking true stress-strain curve cannot be obtained directly from the engineering stress-strain relationship. A suitable degradation 
function is required to express the true stress-strain curve of the material after necking, such as the weighting function shown in Eq. (6), which targets 
the measured engineering stress-strain and calibrates the weight constant W to meet the accuracy requirements of the engineering stress-strain 
relationship calculated in the finite element model. 

σneck = σu

[

W
(
1+ εp − εp

u
)
+(1 − W)

(
(εp)

εp
u

(εp
u)

εp
u

)]

(6) 

Furthermore, the damage scalar d is varied in the FE model to obtain a good fit to the target engineering stress-strain curve, which continues as 
material damage progresses as expressed in Eqs. (7–8). 

σ = (1 − d)σneck (7)  

d =

{
0 εp < εp

d− i

1 − exp
[
− B

(
εp − εp

d− i

) ]
εp ≥ εp

d− i
(8) 

Reference [27] provides comprehensive instructions for calibrating the parameters for the post-necking true stress-strain curve 
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A.2. Ductile fracture parameter identification 

The fracture of the bolt is realized by calibrating the fracture locus and defining the damage initiation criterion in ABAQUS. The fracture locus is 
given as a function of stress triaxiality and Lode parameter [36] as below Eq. (10). 

εp
pl,f = C3

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
L2 + 3

√

2

)C1[
1

1 + C

(

η +
3 − L

3
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
L2 + 3

√ + C
)]− C2

(10) 

The values of C1, C2, and C3 are obtained by computational homogenization at the level of unit cell based on the mesoscale critical equivalent 
plastic strain (MCEPS) method. Reference [28, 29] provides comprehensive instructions for calibrating the parameters for the above fracture locus. 

Appendix B 

The ultimate resistance formulas of high-strength bolts were reported in different steel structures design specifications, including GB-50017 [5], 
EC3 [6], AISC-360 [7], and AS 4100 [8]. The details of the ultimate capacity formulas will be explained in the below section. 

B.1. European standard (Eurocode 3) 

In the Eurocode 3 [6] design specification, the ultimate design resistance for the bolt subjected to different loading patterns is expressed as: 

Ft,Rd =
k2f b

u As

γM2
(11)  

Fv,Rd =
αvf b

u A
γM2

(12)  

FV,Ed

FV,Rd
+

Ft,Ed

1.4Ft,Rd
≤ 1.0 (13) 

To compare the ultimate resistance between finite element simulation and formulas in the EC3 design specification, the γM2 is assumed as 1.0. It 
means that the characteristic value, according to the terminology of EC3, is used for comparison with FE predictions. The design value (the name will 
remain in the text for the sake of simplicity) of combined tensile and shear loading is in the form of a linear relationship, and a “stretch” factor of 1.4 is 
given to increase the slope of the line. The ratio Ft,Ed

Ft,Rd
≤ 1 is used to control the pure tensile resistance. 

B.2. Chinese standard (GB-50017) 

In the GB-50017 [5] design standard, the design equation of the ultimate capacity of bolts in pure shear or tension loading, as well as combined 
shear and tension loading is expressed below: 

Nb
t = f b

t As (14)  

Nb
v = f b

v A (15)  
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

Nv

Nb
v

)2

+

(
Nt

Nb
t

)2
√
√
√
√ ≤ 1.0 (16) 

Noted that GB-50017 does not discriminate the failure mode whether the shear plane passes through the threads during shear resistance 
evaluation. 

B.3. American standard (AISC-360) 

The load and resistance factor design (LRFD) method are employed in the American standard (AISC-360 [7]) for the resistance evaluation. The 
related evaluation formulas are as follows: 

Rn = Fnt
ʹAb (17)  

Rn = Fnv
ʹAb (18)  

F́ nt = 1.3Fnt −
Fnt

φFnv
frv ≤ Fnt (19)  

F́ nv = 1.3Fnv −
Fnv

φFnt
frt ≤ Fnv (20) 

AISC-360 grouped the high-strength bolts according to material strength in Table 7.  
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Table 7 
Strength class of high-strength bolts under AISC-360 [7].   

Nominal Tensile Strength (MPa) Nominal Shear Strength in bearing-type connections (MPa) 

Threads to the shear plane  

Group A 620 excluded 372 
included 469 

Group B 780 excluded 469 
included 579 

Group C 1040 excluded 620 
included 779  

B.4. Australia standard (AS 4100) 

The ultimate resistance expressions of bolts in AS 4100 [8] are as below: 

N*
tf ≤ ΦNtf (21)  

Ntf = Asfuf (22)  

V*
f ≤ ΦVf (23)  

Vf = 0.62fuf kr(nnAc + nxA0) (24)  

( V*
f

ΦVf

)2

+

( N*
tf

ΦNtf

)2

≤ 1.0 (25)  
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