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ARTICLE INFO ABSTRACT
Keywords: With the improvement of computational capability, finite element simulation is an increasingly
High strength bolts practical method to accurately predict the ultimate capacity and ductile fracture behavior of high-

Ductile fracture strength bolts. However, the mesh size affects the results of FE simulations but related research on

mesh size effects is relatively limited. In the present contribution, the mesoscale critical equiv-
alent plastic strain (MCEPS) is used as a failure index for calibrating the parameters of ductile
fracture locus of high-strength bolts with different mesh sizes. The identified fracture locus is
compared with a large bulk of experimental data taken from the previously published literature.
The results showed that mesh size can have high effects on the calibrated parameters of the plastic
constitutive relationship after necking and ductile fracture locus of high-strength bolts.

Finite element simulation
Mesh size sensitivity

1. Introduction

Bolts are widely used to connect different steel components, which are critical to the stability and integrity of the steel structural
system [1-3]. In the past few years, high-strength bolts are favored by the infrastructure sector because of their economical and
functional advantages. However, with the application of high-strength bolts, the joint regions between connected components also
become narrow [4,5]. To ensure the overall integrity of the structure and to make sure the efficient transferring of the load between
joint and beam/column, it is necessary to evaluate the ultimate capacity and ductile fracture behavior of high-strength bolts. The first
step is to identify the reliable material parameters of the plastic constitutive relationship and ductile fracture locus.

The fracture of bolts can be classified into overload, fatigue, and delayed fracture [6]. The fracture of axial-connected bolts of the
thin-walled cylinder [7] is a typical case of fracture. Overload fracture occurs when the bolt is subjected to excessive load or defor-
mation, this kind of fracture will be disastrous in the high-rise or long-span structures. Those structures are subject to progressive
collapse due to failure of connections, and such collapse often occurs where local failure eventually leads to overall damage. The
collapse of the Ronan Point apartment building in 1968 [8] and the World Trade Center building in New York in 2001 [9] were both
progressive collapses. The Institution of Structural Engineers states that the vulnerability of progressive structures is “directly related
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Table 1
Comparison of mechanical properties for high-strength bolts.
Performance grade Tensile strength/MPa
GB/T 3098.1 8.8 830
9.8 900
10.9 1040
12.9 1220
AISC-360 Group A 620
Group B 780
Group C 1040
EC3 8.8 800
10.9 1000

Where: GB/T 3098.1 used the minimum value of ultimate tensile strength as the base data, AISC-360
proposed the nominal tensile strength, and EC3 used the nominal value of ultimate tensile strength as
the base data.
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Fig. 1. The geometry of tensile bolt model (dimensions in mm).
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Fig. 2. Mesh size of finite element model and boundary condition.

to the strength, ductility, and hence the energy absorption capacity of the connections between the main structural elements” [9].
Local damage due to bolt fracture increases the risk of progressive collapse of the structure. External loads affect different types of
fracture, so an accurate assessment of the ultimate capacity performance and fracture behavior of the bolts is required as the first step
in evaluating the mechanical properties of the bolt.

Many of the current international design standards have allowed the utilization of high-strength bolts [10-13]. In China, GB/T 3098
[11] gave four grades of high-strength bolts, including 8.8, 9.8, 10.9, and 12.9. Different methods are used to control the content of
chemical components such as C, P, S, and B to obtain the high-strength bolts. For example, Chinese specifications recommend using 35,
40B, and 45 steel materials for processing grade 8.8 bolts, while for grade 10.9 bolts, 20MnTiB and 35VB steel materials are rec-
ommended for processing. In Europe, Eurocode 3 [12] specified the ultimate tensile strength of grade 8.8 and 10.9 high-strength bolts.
Different from other standards, American specification AISC-360 [13] divided high-strength bolts into three groups A, B, and C ac-
cording to material strengths. Table 1 compared the mechanical properties of different design specifications for high-strength bolts.

In the past few years, the ultimate capacity and fracture behavior were investigated by experimental methods. Sterling & Fisher
[14], Nair et al. [15], and Amrine & Swanson [16] tested the tensile performance of ASTM-A490 bolts and discussed the effects of
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Fig. 3. Comparisons between FE (without damage) and experimental results under different mesh sizes.

carriable pretension on the tension bolted connections. Pang et al. [17] tested the tensile performance of grade 8.8, 10.9, and 12.9 high
strength bolts, where the stress—strain response of different grades of bolts at different temperatures is summarized. Li et al.[19]
investigated the properties of grade 12.9 high strength bolts, where the result showed that grade 12.9 structural bolts exhibited
satisfactory ultimate loading capacities under various statuses. After comparing with European, American, and Australian standards
(EC3, AISC-360, and AS 4100), the results showed that current international design standards for grade 12.9 bolts are either too
conservative (EC3) or unsafe (AS4100 and AISC-360). Hanus et al. [20] deeply investigated the behavior of grade 8.8 bolts with
experimental test and model, concluded that a heating—cooling cycle has a significant effect on the mechanical behavior of grade 8.8
bolts.

Over the past few years, many researchers have investigated the behavior of high-strength bolts through finite element analyses.
Hedayat et al. [21] and D’Aniello et al. [22] used a simplified model to evaluate the mechanical properties of bolts. Mersch et al. [23]
predicted the failure of threaded bolts using geometrically-simplified finite element models. Song et al. [24] simulated the fracture of
stainless-steel bolts with the element deletion method by the Lee-Wierzbicki model, the load-deformation behavior under ultimate
strength matched well with experimental data. Schauwecker et al. [25] used the GISSMO damage model to study the failure of bolts.
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Fig. 3. (continued).

Xin et al. [26] simulated numerially the ductile fracture of grade 10.9 bolts subject to combined tension-shear actions, twin-shear
actions, and combined tension-twin shear actions, and compared the ultimate resistance predicted with the existing design provisions.

The most common method for simulating the fracture of bolts is the uncoupled fracture model with the element deletion method.
The advantage of the uncoupled fracture model with the element deletion method is the convenience to calibrate the fracture pa-
rameters. While the disadvantage of the element deletion method is a high dependence on the mesh at the fracture region, an inac-
curate result will be produced due to the deletion of cells. Noted that the mesh size of the model can have a high impact on the final
results of the simulations. While the discussions on the mesh size effects of numerical modeling for high strength bolts are relatively
limited.[27-29] In this paper, the fracture locus of three types of bolts, namely grade 8.8 [17], grade 10.9 [18], and grade 12.9 [19], are
calibrated based on the mesoscale critical equivalent plastic strain (MCEPS) approach proposed recently by the authors [30,31]. Three
various mesh sizes (0.25 mm, 0.50 mm, and 0.75 mm) are employed to observe the effects on material parameters of ductile fracture
locus. The calibration process of ductile fracture of high-strength bolts is divided into two stages [32]: DIdentify the constitutive
plastic relationship for the rate-independent non-linear isotropic J2 hardening model; @Identify parameters of fracture strain under
multiaxial stress states using MCEPS [3031] and Lou-Huh model [33]. The plasticity curves of three grades of high-strength bolts are
compared at different mesh sizes.

2. Plastic flow stress

The geometry of the high-strength bolt is illustrated in Fig. 1. This section presented the material parameter calibration of the
coupled plastic-damage stage. The FE model and boundary conditions are shown in Fig. 2. One side is fixed while the other side is used
for loading. To eliminate the influence of element type on the calibrated results, the mesh type is fixed as tetrahedron by solid element
C3D10. Mesh sizes of 0.25 mm, 0.50 mm, and 0.75 mm are used to investigate its effect on the plastic constitutive relationship and
fracture strain. The target time increment is controlled to be 1 x e~> when using the explicit solver to model quasi-static loading.

The whole uniaxial plastic relationship of high-strength bolts is divided into three stages in this paper: elastic stage, plastic stage,
and coupled plastic-damage stage [32]. The third stage is further decomposed into two zones by damage initiation point as the plastic-
dominated zone and the damage-dominated zone. The calibration of the true stress-plastic strain relationship of each stage is based on
the method previously proposed by ref. [32]. W is a weight constant (0 < W < 1) which is calibrated in the plastic-dominated zone by
comparing the engineering stress-strain curve and the test results. As expressed in Equation (1), the weighted function is used to
predict the true stress after necking.

7t =5, W+ -&)+(1-W)(—=) w

Where: € is the corresponding plastic strain when the true stress without considering necking and damage effects reached the peak.
The parameter B of damage law is identified in the damage-dominated zone of the coupled plastic-damage stage. The damage
evolution law is expressed in Equation (2), and true stress in the damage-dominated zone could be obtained through Equation (3).
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Table 2
Summary of plastic constitutive relationship parameters.
6,(MPa) EA Mesh 0.25 mm Mesh 0.50 mm Mesh 0.75 mm
wooa, B woa B w a5 B
G8.8 943.94 0.0203 0 — — 0 0.0489 0.03 0.2 0.0289 0.16
G10.9 1247.15 0.0592 0 0.0704 0.1 0 0.0839 0.20 0 0.1065 0.16
G12.9 1336.41 0.0421 0 0.0473 0.1 0 0.0532 0.13 0 0.0642 0.11

Where: 6, is the ultimate tensile strength for high-strength bolts.

Periodic Boundary Condition

G8.8 Micro Void G10.9 G12.9 Micro Void
Diameter = 0.1mm Diameter = 0.08mm
Void Volume Fraction = 0.05% Void Volume Fraction = 0.027%

Fig 5. Illustration of the unit cell.

= (1—d)g"“* 3)

Where: &, is strain point that divided plastic-dominated zone and damage-dominated zone.

As shown in Fig. 3, a good agreement is observed between the experiment test and FE simulation. The curves are the same for the
three different mesh sizes in the elastic and plastic phases; while diverging from the coupled plastic-damage stage. This is due to the
plastic response after necking being highly dependent on the mesh. The bifurcation of the curves becomes more pronounced from the
damage-dominated zone. The reason is the variability of maximum equivalent plastic strain &, , and damage parameter B which
calibrated at this stage [34]. After the start of necking, there is a slight difference between the three curves, where the curve of 0.25 mm
mesh size is at the top and the curve of 0.75 mm mesh size is at the bottom, after the appearance of uncoupled deformation (without
considering damage), it can be observed that the curves drop faster when the mesh size is smaller. The curve corresponding to 0.25 mm
drops to the minimum, while the curve corresponding to 0.75 mm is instead above the other two curves. Taking the Grade 8.8 high-
strength bolt as an example, the engineering stress of the blue curve (mesh size 0.25 mm) is the largest when the engineering strain is at
0.03-0.06, followed by the orange (mesh size 0.50 mm) line, and the red (mesh size 0.75 mm) line has the smallest value of engineering
stress. However, when the strain reaches about 0.07, the trend starts to change, it is obvious that the blue curve is at the bottom while
the red one is at the top when the engineering strain reaches 0.1. The same tendency is observed for bolts of Grade 10.9 and 12.9, as
shown in Fig. 3.

Fig. 4 shows the relationship between mesh size and uniaxial true stress-equivalent plastic strain curves without considering the
damage. In the initial stage, there is not a clear distinction between the three curves. As the start of necking, the curve with a 0.25 mm
mesh size is the highest among the three curves, while the curve for 0.5 mm is the lowest. This is because the maximum equivalent
plastic strain &, ; and the damage factor used in the 0.25 mm mesh size calibration is the smallest of the three. Although the maximum
equivalent plastic strain &, ; obtained for the 0.5 mm mesh size is not the largest, it has the largest damage parameter B of the three,
which reduces the true stress in the damage-dominated zone. This can illustrate that the effect of mesh size starts from the coupled
plastic-damage stage. The calibrated parameters for the plastic stage and coupled plastic-damage stage are summarized in Table 2.
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Fig 6. Mesoscale indicator evolution along with the equivalent plastic strain for Grade 8.8 high-strength bolt.

3. Computational homogenization

The cubic with a void in the center is assumed to be the unit cell[31]. As shown in Fig. 5, the diameter of void spheres is determined
depending on the composition of the three grades of bolt materials. The diameter and porosity of the central void are calculated by
Equation (4), [35]. The void diameter of grade 8.8 bolts is 0.1 mm, and the corresponding void volume fraction is 0.05%. The void
diameter of both grade 10.9 and 12.9 bolts is 0.08 mm because the chemical composition of the two materials is similar, and the void
volume fraction is 0.027%:

-3
fo = 0.054| %S (wt) — %(W) +0.055%0(wi) 4
where: f; is the porosity of the whole unit cell; %S(wt) is the percentage content of the chemical element sulfur; %Mn(wt) is the
percentage content of manganese; and %O (wt) is the percentage content of oxygen in the high-strength bolt. The void diameter can be
obtained from the calculated porosity of the unit cell.

The ductile fracture of the macroscale is due to the nucleation, growth, and coalescence of micro-voids in microscale. MCEPS on the
microvoid surface is defined as the failure indicator that the behavior of macro-scale under complex stress status is obtained by virtual
loading at the microscopic scale. It is assumed that the MCEPS of the unit cell is kept constant when the material is exposed to
multiaxial loading. Homogenized equivalent strain is selected in this paper as the failure index, the expression is as Equation (5),[31].

MI = | &dr %)

T,

The micro void deformation of the unit cell under various loading conditions is simulated, including uniaxial tension (UT), pure
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shear (SH), and plane strain tension (PST). The MI evolution along with the macro equivalent plastic strain is shown in Figs. 6-8. The
equivalent plastic strain with the same MI value is extracted from the uniaxial tension (UT), pure shear (SH), and plane strain tension
(PST) curves in Figs. 6-8.

As shown in Fig. 9, two groups of curves were obtained which included SH/UT and PST/UT, each with three mesh sizes of 0.25 mm,
0.50 mm, and 0.75 mm. The fracture strain exposed to uniaxial tension (UT) is determined. The ratios of fracture strain, SH to UT, and
PST to UT are further obtained, by a seven-term polynomial expression which is fitted as the relationship between strain ratio and
fracture strain exposed to uniaxial strain, as expressed in Equation (6)[31]. It can be observed that compared to curve SH/UT, the curve
PST/UT changes more significantly at different mesh sizes. Table 3 is a summarization of fitted coefficients.

7
re=Y_ &(&;) 'x=SH/UT", PST/UT" 6)
i=1

Where: r, is the fracture strain ratio between pure shear (SH) / plane strain tensile (PST) and uniaxial tensile loading (UT); ¢; is the
coefficient of polynomial expression; &, is the fracture strain exposed to uniaxial tension.

4. Identification of fracture locus

The uncoupled models were adopted to simulate the ductile of high strength bolt. The fracture strain is a function of stress
triaxiality and Lode angle parameters, and given by Equation (7) [38]:

- _

L'+3 1 3-L -

5 )C'[1+C(ﬁ+ +0) @ @)
3\ +3

Cg(
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Fig. 8. Mesoscale indicator evolution along with the equivalent plastic strain for Grade 12.9 high-strength bolt.

where: 77 and L are the stress triaxiality and Lode Angle parameters averaged over the loading history to consider the non-
proportional loading effects, respectively. The expressions for C;, C, and C; are indicated in Equations (8)-(10)[38].

Er(+0)
C = IOg(%)[%] ®)
8 SH(ﬁ+ )
e
€2 =log 1o (5T) ©
(\/%_w) SH
¢ =, 10)

The ratios of SH to UT and PST to UT are obtained in the previous section. The values of C;, C», and C; can be calculated accordingly
for different bolt grades and different mesh sizes. The fracture strain exposed to uniaxial tensile could be determined through the
calibration by comparing the FE result against the experimental results. Comparisons of engineering stress-engineering strain curves
and test values for three mesh sizes of grade bolts 8.8, 10.9, and 12.9 are shown in Fig. 10. Interestingly, the engineering stress in the
necking stage of the curve during the calibration of the fracture locus is slightly greater than the experimental data. Dynamic Explicit
Solver is used to identify the fracture locus of the high-strength bolts, but the Static General Solver is used for the calibration of the
plastic parameters. The degree of curve deviation depends on the mesh size, it could be found that finer size has a higher deviation. For
grade 8.8 bolts, the maximum difference between the FE model and experimental results is about 5%, grade 10.9 is 4.4%, and 4.2% for
grade 12.9 high strength bolts. In addition, it is noted that the curve of 0.75 mm size drops fastest after the fracture.

The parameter of fracture strain ??? exposed to uniaxial loading is summarized in Table 4. When the mesh size is 0.25 mm, the

corresponding fracture strain for grade 8.8 bolts is 0.82, then it rises to 0.85 when the mesh size is 0.75 mm. The fracture strain for
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Fig. 9. Equivalent plastic strain ratio evolution with stretching exposed to pure tension.
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Table 3
Parameters of damage model and fracture strain at different stress status with a different mesh size.
Grade Mesh size (mm) MI & 12 & &y & & &
G8.8 0.25 rsayuT —-0.1703 1.1123 -2.8076 3.4077 —~1.9745 0.4609 0.9117
TpsT/UT —0.237 1.6255 —4.3777 5.8105 —3.837 1.0393 0.6356
0.50 TsH/uT —0.1565 1.0121 —2.5218 3.0035 —1.6847 0.3766 0.9028
Tpst/uT —0.0624 0.5488 —1.8609 3.0335 —2.3398 0.637 0.6641
0.75 Tsuyur —0.2344 1.5553 —4.0077 5.0176 —3.0834 0.8264 0.866
TpsT/UT —0.189 1.3025 —3.5288 4.719 —3.1402 0.846 0.6522
G10.9 0.25 TsH/uT —0.1578 0.6747 —0.9012 0.0606 0.8685 —0.7277 1.1411
TpsT/UT 0.1385 ~0.5463 0.7389 -0.3773 0.1419 -0.2739 0.863
0.50 TsH/UT —2.597 9.9841 —14.903 10.803 —-3.7517 0.4274 0.9805
TpstT/UT 0.7196 -1.7766 0.3336 2.3498 —2.1925 0.5122 0.8212
0.75 TsH/uT —1.5996 5.8038 —7.8105 4.3701 —0.2887 —0.6697 1.1489
Tst/uT -9.1316 27.509 —29.167 12.893 —-2.1412 —0.2348 0.8715
G12.9 0.25 TsH/uT —1.097 3.798 —4.710 2.086 0.477 —0.737 1.1366
TpsT/UT —1.2468 —0.491 8.4639 —11.091 5.3598 —1.261 0.9003
0.50 TsH/UT —0.0088 —0.081 0.5906 —1.3839 1.5736 —0.8712 1.129
Test/uT 3.2687 -16.077 29.972 —~26.156 10.771 —-2.1738 0.9438
0.75 Tsu/uT —0.0094 0.0105 0.1915 —0.7407 1.1127 —0.7335 1.1206
Tpst/uT —0.0982 0.7025 —2.0272 2.9397 —2.0065 0.2837 0.7985

grade 10.9 bolts is 0.7 when the mesh size is 0.25 mm, when the mesh size increases to 0.75 mm, the corresponding fracture strain
increases to 0.89. For grade 12.9 bolts, the trends of mesh size are similar to other grades, the fracture strain is 0.445 at 0.25 mm, 0.46
at 0.50 mm, and 0.50 at 0.75 mm.

Typical failure models of the high-strength bolts simulated with different mesh sizes are shown in Figs. 11-13. It can be seen that all
the models experienced visible plastic deformation before fracturing. The red grid area near the fracture surface in this figure is where
the equivalent plastic strain is greatest. It can be seen that the equivalent plastic strain at fracture is higher for the lower grade bolts.
Noted that changing the mesh size will affect the simulation CPU time. In this paper, the simulation time of the 0.75 mm mesh size
model is about 15 min, 0.5 mm is longer, which takes 45-60 min. The model with a 0.25 mm mesh size has a large number of elements,
resulting in a simulation time of more than 2 h.

The fracture locus of the uncoupled model is shown inFigs. 14-17. The result shows that 0.75 mm mesh size has the maximum value
for all three grades of high strength bolts at uniaxial compression status. The relationship between fracture strain and stress triaxiality
for bolts of grades 10.9 and 12.9 shows a similar trend corresponding to different mesh sizes. However, there are some differences for
grade 8.8 bolts. In uniaxial tension status, the smallest value of 0.25 mm mesh size is found for three grade bolts, but in other states, the
curve of grade 8.8 does not follow this pattern-the smaller mesh size corresponds to the smaller fracture strain. The calibrated weight
constant W for the curve of 0.75 is not 0, and it is responsible for the difference about grade 8.8 bolts. The material parameters of the
damage model and the fracture strains exposed to uniaxial (UT), plane strain tension (PST), equal biaxial tension (EBT), in-plane shear
(SH), uniaxial compression (UC), and equal biaxial compression (EBC) are listed in Table 5.

5. Conclusions

To study the effect of mesh size on ultimate capacity and fracture behavior, an attempt is made with three kinds of mesh size for
each grade bolts (including 8.8, 10.9, and 12.9) which engineering stress-engineering strain relationship obtained by refs. [17-20]. The
fracture locus of three grade bolts is calibrated based on the mesoscale critical equivalent plastic strain (MCEPS). The following
conclusions can be drawn from the present investigation:

(1). In process of calibrating the plasticity curve of the material with a finite element model, the mesh size affects the plastic
response of high-strength bolts after the necking. Specifically, in the plastic-dominated zone, it can affect the value of the weight
constant W thus making a difference in the plastic curve. In the damage-dominated zone, the mesh size affects the value of
maximum equivalent plastic strain & , and model parameters of damage evolution law B.

(2). Because the mesh size affects the plastic relationship, it will make a difference in the homogenized numerical simulation. It
should be noted that changes in the evolution of mesoscale indicator along with the equivalent plastic strain vary depending on
the material of high strength bolts, in particular, it affects the value of PST/UT. Meanwhile, the mesh size affects the equivalent
plastic strain of the bolts at fracture, and the fracture strain increases with the enlargement of the mesh size. Within the range,
the equivalent plastic strain is smaller for higher-grade bolts, and conversely, lower-grade bolts have a larger plastic strain.

(3). The mesh size obviously influenced the fracture locus of high-strength bolts. Generally, smaller mesh sizes imply smaller
fracture strain exposed to uniaxial tensile (UT), pure shear (SH), equivalent biaxial tensile (EBT), and plane strain tension (PST).
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Fig. 10. Calibration of fracture strain exposed to uniaxial loading under different mesh sizes.
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Table 4
Summary of fracture strain (E}’) exposed to uniaxial loading.
Grade Mesh size (mm)
0.25 0.50 0.75
8.8 0.82 0.83 0.85
10.9 0.70 0.84 0.89
129 0.45 0.46 0.50

PEEQ

(Avg: 75%)
+8.605e-01
+7.888e-01
+7.171e-01
+6.454e-01
+5.737e-01
+5.020e-01
+4.303e-01
+3.586e-01
+2.868e-01
+2.151e-01
+1.434e-01
+7.171e-02
+0.000e+00

(a) M0.25mm

PEEQ

(Avg: 75%)
+8.674e-01
+7.951e-01
+7.228e-01
+6.505e-01
+5.783e-01
+5.060e-01
+4.337e-01
+3.614e-01
+2.891e-01
+2.168e-01
+1.446e-01
+7.228e-02
+0.000e+00

(b) M0.50mm

PEEQ

(Avg: 759%)
+8.921e-01
+8.178e-01
+7.434e-01
+6.691e-01
+5.947e-01
+5.204e-01
+4.461e-01
+3.717e-01
+2.974e-01
+2.230e-01
+1.487e-01
+7.434e-02
+0.000e+00

(¢) MO.75mm

Fig. 11. Failure mode for FE simulation under various mesh sizes for Grade 8.8 bolt.
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PEEQ

(Avg: 75%)
+7.507e-01
+6.881e-01
+6.256e-01
+5.630e-01
+5.005e-01
+4.379e-01
+3.753e-01
+3.128e-01
+2.502e-01
+1.877e-01
+1.251e-01
+6.256e-02
+0.000e+00

(a) M0.25mm

PEEQ

(Avg: 759%)
+7.941e-01
+7.279e-01
+6.617e-01
+5.956e-01
+5.294e-01
+4.632e-01
+3.970e-01
+3.309e-01
+2.647e-01
+1.985e-01
+1.323e-01
+6.617e-02
+0.000e+00

(b) M0.50mm

PEEQ

(Avg: 75%)
+8.588e-01
+7.872e-01
+7.156e-01
+6.441e-01
+5.725e-01
+5.009e-01
+4.294e-01
+3.578e-01
+2.863e-01
+2.147e-01
+1.431e-01
+7.156e-02
+0.000e+00

(c) M0O.75mm

Fig. 12. Failure mode for FE simulation under various mesh sizes for Grade 10.9 bolt.
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PEEQ

(Avg: 75%)
+5.736e-01
+5.258e-01
+4.780e-01
+4.302e-01
+3.824e-01
+3.346e-01
+2.868e-01
+2.390e-01
+1.912e-01
+1.434e-01
+9.560e-02
+4,780e-02
+0.000e+00

PEEQ

(Avg: 75%)
+5.961e-01
+5.464e-01
+4,967e-01
+4,470e-01
+3.974e-01
+3.477e-01
+2.980e-01
+2.484e-01
+1.987e-01
+1.490e-01
+9.934e-02
+4.967e-02
+0.000e+00

(a) M0.25mm

PEEQ

(Avg: 75%)
+6.653e-01
+6.099e-01
+5.544e-01
+4.,990e-01
+4.435e-01
+3.881e-01
+3.326e-01
+2.772e-01
+2.218e-01
+1.663e-01
+1.109e-01
+5.544e-02
+0.000e+00

(b) M0.50mm

(¢) M0.75mm

Fig. 13. The failure mode for FE simulation under various mesh sizes for Grade 12.9 bolt.
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Fig. 15. Fracture locus as a function of the stress triaxiality and lode parameter for Grade 10.9 high-strength bolt.
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Table 5
Parameters of damage model and fracture strain at different status.
Item G C2 Cs Ear &r Er &y e Epe
Grade Mesh Size (mm)
8.8 0.25 2.329 0.694 0.820 0.765 0.543 0.820 0.764 2.139 1.926
0.50 2.635 0.784 0.830 0.767 0.521 0.83 0.766 2.454 2.176
0.75 2.311 0.686 0.850 0.793 0.566 0.850 0.792 2.191 1.977
10.9 0.25 1.893 0.598 0.700 0.661 0.499 0.7 0.671 1.603 1.472
0.50 2.355 0.763 0.840 0.782 0.551 0.840 0.801 2.414 2.167
0.75 3.033 1.011 0.890 0.811 0.515 0.890 0.846 3.602 3.137
12.9 0.25 1.712 0.539 0.445 0.422 0.328 0.445 0.427 0.938 0.867
0.50 1.860 0.570 0.460 0.435 0.331 0.460 0.438 1.011 0.930
0.75 2.003 0.626 0.500 0.470 0.350 0.500 0.476 1.188 1.085
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