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ABSTRACT

For the friction-type high-strength bolted joint, the bolt fracture can cause redistribution of interface friction,
which can seriously endanger the connection safety of structural members. However, current studies barely focus
on the redistribution of interface friction after bolt fracture. Therefore, this paper will specifically carry out finite
element analysis on the redistribution of interface friction caused by fractured bolts. Firstly, the refined finite element
model of friction-type high-strength bolted joint is used to investigate the variation of interface friction under uniform
temperature as well as the distribution of interface friction in different areas. Furthermore, random selection method is
introduced to explain how the quantity and location of fractured bolts influence the redistribution of interface friction.
Finally, the mathematical model of friction redistribution is built to describe the redistribution of interface friction in
the high-strength bolted frictional steel connection after bolt fracture. After validation, the mathematical model can
well describe the redistribution of interface friction caused by fractured bolts, which can provide useful reference for
the frictional steel connection design of high strength bolts.

Keywords: Friction-type high-strength bolt; interface friction; bolt fracture; uniform temperature; friction steel
connection.

INTRODUCTION

Nowadays, the friction-type high-strength bolts have been widely used in the joint connection of steel structures
(Bednarz & Zhu, 2014; Chul & Shirley, 2015; Ju & Oh, 2016). For the friction-type high-strength bolted joint, the
interface friction in the contact surfaces of splice plates can transfer the internal forces in the structural members,
which plays one important role in the connection of different structural members. However, some friction-type high-
strength bolts are inevitably fractured under complex service environment. For example, from December 2010 to
March 2016, a total of 277 friction-type high-strength bolts were fractured in the Dashegnguan Railway Bridge as
shown in Figure 1, and such bolt fracture is happening every year. Bolt fracture can result in the redistribution of
interface friction, which may decrease the shear-resistant capacity of interface friction and endanger the connection
safety of structural members.
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Figure 1. One fractured friction-type high-strength bolt.

Therefore, it is significant to thoroughly study the effect of bolt fracture on the redistribution of interface friction.
What should be mentioned is that the interface friction cannot be easily monitored and collected at bridge site, so
finite element simulation is one effective procedure to simulate the interface friction under environmental loads.
Moreover, the environmental loads are very complex, including temperature field, wind field, and train load. For
the Dashengguan Railway Bridge, some relevant studies have revealed that this bridge is mainly subjected to the
uniform temperature field from 0 a.m. to 6 a.m. at night (Wang & Ding, 2015; Ding et al., 2017), and the time history
of the uniform temperature from March 2013 to November 2013 shows obvious seasonal characteristics, as shown
in Figure 2. Therefore, uniform temperature is one type of simple but non-negligible environmental load, and this
paper specifically will carry out the finite element analysis on the redistribution of interface friction under uniform
temperature field from the Dashengguan Railway Bridge.
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Figure 2. The variation of uniform temperature field from March 2013 to November 2013.

In detail, the redistribution of interface friction caused by bolt fracture and uniform temperature is thoroughly
investigated using one whole bridge finite element model associated with one refined friction-type high-strength
bolted joint. The random selection method is introduced to reveal how the quantity and location of fractured bolts
influence the redistribution of interface friction. And furthermore, considering that few studies have focused on the
redistribution of interface friction after bolt fracture under uniform temperature field, one mathematical model is built
using data-driven method to describe the redistribution of interface friction in the friction-type high-strength bolted
joint after bolt fracture, which can provide useful reference for the frictional steel connection design of high strength
bolts. With regard to the data-driven method, some mathematical functions such as linear equation and Fourier Series
can be used to fit the simulated data from the bridge finite element model, which has been commonly used in current
research (Delgado et al., 2018; Song ef al., 2018).
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LITERATURE REVIEW

At present, many researchers have carried out experimental and numerical studies on the mechanical and fatigue
performance of friction-type high-strength bolted joints (Ali et al., 2012; Carlos et al., 2017; Chakherlou et al., 2013;
Janne et al., 2016). For example, Carlos et al. (2017) carried out the investigation on the fretting fatigue failure
mechanism of bolted joints in high-strength steel subjected to different levels of pre-tension; Ali ez al. (2012) studied
the effect of contact forces on fretting fatigue behavior of bolted plates. However, these studies barely focus on the
redistribution of interface friction after bolt fracture, and furthermore, these studies have not revealed how the quantity
and location of fractured bolts influence the redistribution of interface friction. As mentioned earlier, the redistribution
of interface friction may decrease the shear-resistant capacity of interface friction and endanger the connection safety
of structural members, so it is meaningful to carry out deep research on the redistribution of interface friction after
bolt fracture.

FINITE ELEMENT MODELLING

In this section, in order to investigate the redistribution of interface friction caused by uniform temperature and
bolt fracture, one whole bridge model for the Dashengguan Railway Bridge associated with one refined bolted joint
model is concretely illustrated based on the finite element software LSDYNA.

Description of the Dashengguan Railway Bridge

The Dashengguan Railway Bridge is designed as the river-crossing channel for Beijing-Shanghai high-speed
railway lines. Its main girder is one continuous steel truss arch girder and its main span is 336 m, as shown in Figure 3.
The continuous steel truss arch girder is composed of multiple structural members, such as top chord members, bottom
chord members, deck chord members, diagonal web members, suspender members, horizontal bracing members,
vertical bracing members, and steel bridge deck, which are made of Q370qE steel (i.e., the tensile strength is 490 MPa
and the yield strength is 330 MPa). These structural members are connected by friction-type high-strength bolts and
splice plates. For the friction-type high-strength bolts, its material is made of 35VB steel, its dimension is M30 (i.e.,
the diameter of bolt screw is the 30 mm), and its mechanical performance is 10.9s (i.e., the tensile strength is 1040
MPa~1240 MPa and the yield strength is 940 MPa) (GB/T 1231-2006, 2006); for the splice plates, its material is made
of Q420¢E steel (i.e., the tensile strength is 550 MPa and the yield strength is 410 MPa). There are seven supports
(A~G) as shown in Figure 3, where support D is fixed and the other supports can allow free horizontal expansion of
main girder in the longitudinal direction.

Beside, for the steel truss members, the thickness, Young’s modulus, shear modulus, density, Poisson’s ratio,
and thermal expansion coefficient are 36 mm~48 mm, 205.9 GPa, 79.2 GPa, 7853 kg/m?, 0.3, and 0.000013/°C,
respectively; for the friction-type high-strength bolts, Young’s modulus, shear modulus, density, Poisson’s ratio, and
thermal expansion coefficient are 206 GPa, 79.38 GPa, 7820 kg/m?, 0.28, and 0.0000125/°C, respectively; for the splice
plates, the thickness, Young’s modulus, shear modulus, density, Poisson’s ratio, and thermal expansion coefficient are
18 mm~20 mm, 206 GPa, 79.38 GPa, 7850 kg/m?>, 0.28, and 0.000013/°C, respectively.

s 1272 /
L1008 , 192, 336 ¥ 336 , 192,108 ,
A /F ; N \L[\L'C D\q?/ E\{Lme1¢WWIE‘¢WIWWT7G

Figure 3. The design drawing of the Dashenggugan Railway Bridge (unit: m).
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The whole bridge model

By referring to the design drawing of the Dashengguan Railway Bridge, the whole bridge is modeled using the
computer software LSDYNA as shown in Figure 4 (Ding et al., 2017). In this model, all the top chord members
(except the top chord member P, P,), bottom chord members, deck chord members, diagonal web members, suspender
members, horizontal bracing members, and vertical bracing members are modeled by Belytschko-Schwer resultant
beam elements, and each beam element contains two six-degree-of-freedom nodes; the steel bridge deck is modeled
by Belytschko-Lin-Tsay shell elements, and each shell element contains four six-degree-of-freedom nodes. All
the friction-type high-strength bolted joints in the truss members except the top chord member P,P, are simplified
as rigid joints. Support D is constrained in all three translational directions, while supports A, B, C, E, F, and G
are constrained in the Z-translational and Y-translational directions and are free to move in the X-translational
direction.
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Figure 4. The whole bridge model using LSDYNA.

The bolted joint model

In addition to the whole bridge model, the friction-type high-strength bolted joint in the top chord member P,P,
is specifically modeled as shown in Figure 5. This bolted joint has the box-shaped cross section and contains 24
splice plates and 728 friction-type high-strength hexagonal bolts, as shown in Figure 5. In this bolted joint model,
each friction-type high-strength bolt consists of four parts: bolt screw, bolt nut, and two plain washers. The steel
plates of top chord member P,P,, the splice plates, and the plain washers are modeled by Belytschko-Lin-Tsay shell
elements, and the bolt screws and nuts are modeled by constant stress solid elements, and each solid element contains
eight three-degree-of-freedom nodes. The whole bridge model and bolted joint model are connected together by,
respectively, coupling the boundary nodes at points P; and P,.
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Figure 5. The bolted joint model using LSDYNA.

In detail, the 24 splice plates are uniformly distributed at four sides of the box-shaped cross section of top chord
member PP, (i.e., each side contains 6 splice plates), as shown in Fig. 6(a). Each splice plate symmetrically connects
the left part and right part of top chord member P P, together, and the symmetric axes are lines S,S,, S;S;, S,S,,
and S;S,, as shown in Figure 5. According to the anti-sliding mechanical experiment in the design drawing of the
Dashengguan Railway Bridge, the static friction coefficient of contact interface between splice plates is 0.45. Besides,
the friction-type high-strength hexagonal bolt is shown in Fig. 6(b), which is preloaded with the clamping force 355 kN.
Specifically, one vector defining the direction normal to the cross section of bolts is employed in the friction connection,
which can quickly initialize the clamping force in the solid elements normal to the cross-section plane of bolts.
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Figure 6. The details of splice plates and friction-type high-strength bolts. (a) Front view of the multi-layer splice
plates; (b) the friction-type high-strength bolt.
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The splice plates, bolts, and top chord member interact with each other through their contact interfaces. The
contact interface in the bolted joint is simulated using the “automatic-surface-to-surface-smooth” contact type in
the LSDYNA software, which can effectively transfer the change of normal interface force and shear interface force
caused by temperature and bolts fracture from one splice plate to another splice plate through calculating the automatic
surface-to-surface contact algorithm in LSDYNA software. The von Mises stresses in the bolted joint caused by
clamping force are shown in Figure 7, including the stresses in the whole bolted joint, one bolt, and the left-side
interface surfaces of plates A and B. It can be seen that the pressures on the contact surfaces caused by clamping force
can be effectively transferred from one splice plate to another by comparison of Figs. 7(c) and 7(d).
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Figure 7. The von Mises stresses in the bolted joint caused by the clamping force (Unite: Pa). (a) The stress in the
whole bolted joint; (b) The stress in one bolt; (c) The stress in the left-side surface of plate A; (d) The stress in the
left-side surface of plate B.

Model validation

The interface friction is hardly monitored and collected from bridge site to validate the finite element model. But
considering that the interface friction is used to transfer the internal forces in the truss members, the monitoring strain
data under uniform temperature field is employed to validate the finite element model instead of interface friction
data. Specifically, if the interface friction can well transfer the internal forces in the truss members, the simulated
strain should coincide with the monitoring strain under the same uniform temperature. Therefore, two strain sensors
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are placed on the top chord member P,P, (Ding ef al., 2017), and the average strain of two strain sensors is calculated
from March 2013 to November 2013, as shown in Figure 8. Moreover, the uniform temperature field in Figure 2 is
loaded on the finite element model to simulate the strain in the top chord member P,P,, as shown in Figure 8. Usually,
the monitoring and simulated strains do not have the same initial values, so the monitoring strain in Figure 8 has been
offset to have the same initial value with simulated strain before validation. By comparison, it can be seen that the
monitoring and simulated strains have the similar trends, verifying that the modeled bolted joint can well transfer the

internal force in the top chord member P,P,.
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Figure 8. The monitoring and simulated strains.

THE EFFECT OF UNIFORM TEMPERATURE

In this section, the effect of uniform temperature on the behaviour of high-strength bolted frictional steel
connection is deeply studied, including the variation of interface friction with temperature as well as the distribution

of interface friction in different areas.

Variation of interface friction with temperature

The uniform temperature field in the whole finite element model is loaded from 0 °C to 20 °C and increases 4 °C
at every time step. The uniform temperature field can cause interface friction in the contact surfaces of splice plates.
Relevant research has shown that the top chord member is mainly subjected to axial internal force under uniform
temperature field (Ding et al., 2017), so herein the interface friction in the X direction from the left symmetric part of

splice plate A is mainly studied, as shown in Figure 9.

In order to investigate the distribution of interface friction in the splice plate A, the splice plate A is divided into
10 areas from S, to S,,. What should be mentioned here is that each element in each divided area has two contact
surfaces, and each contact surface contains the interface friction, so the interface frictions in the two contact surfaces
should be summed together to obtain the total interface friction of each element. Furthermore, the interface friction in
the divided area S;is calculated by summing together all the interface frictions of the elements in the divided area S,
where i denotes the serial number of divided area, and i=1, 2, 3, ..., 10. According to the inspection results of fractured
bolts in the Dashengguan Railway Bridge (Jin, 2013), the locations of fractured bolts are random and there are no
certain areas for bolt fracture because of complex influence factors.
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Figure 9. The divided areas of left symmetric part of plate A.

Finally, the interface friction in each area S; is calculated at every time step through static implicit analysis. For
example, the variation of interface friction with increasing temperature in the area S,,is shown in Figure 10, showing
obvious linear characteristics. Therefore, it is further fitted by one linear equation as follows:

f(slo, T)=k(slo)T+C(sl()) (1)

where f(Sy, T) denotes the interface friction in the area S,y caused by increasing temperature T; k(S;o) and ¢(Sio)
denote the linear slope and constant term of linear equation in the area Sjy, respectively. Linear slope means the
variation of interface friction with temperature. After fitting the linear equation using least square method (Xiao &
Tong, 2012), the estimated values of k(S,o) and ¢(S,,) are 2.43 and 0.12, respectively. The value of k(S;,) means that
the interface friction in the area S, will linearly increase 2.43 kN as temperature increases 1 °C.

Many research results have verified that the temperature-induced effects (such as strain and displacement) have
linear correlation with temperature field (Ding et al., 2017; Wang et al., 2016), and here the interface friction also
has linear correlation with temperature as shown in Figure 10. Moreover, the linear slope indicates the sensitivity
of interface friction in the steel connection to the temperature increase, and higher linear slope in the area S, means
higher interface friction in the area S;. Besides, the linear slope relates to the shear capacity provided by group bolts,

and higher linear slope in the area S; means that the interface friction is closer to the shear capacity of group bolts in
the area S,.
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Figure 10. The variation of interface friction with increasing temperature in the area S,,.
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Distribution of interface friction in different areas

After analyzing the variation of interface friction with increasing temperature in the area S,,, the interface
frictions in the other areas S, ~S, also have good linear correlation with uniform temperature field, and their linear
slopes &(S;) and constant terms ¢(S,) in the area S, are estimated using least square method, as shown in Figs. 11(a)
and 11(b), respectively. It can be seen that all the linear slopes in the 10 areas are positive, indicating that increasing
temperature can result in increasing interface friction. Additionally, the linear slopes gradually decrease from S,
(2.35 kN/°C) to S; (0.83 kN/°C), and then gradually increase from S;(0.83 kN/°C) to S;¢(2.43 kN/°C).

In the bolted joint, the interface friction can transfer the internal forces of structural members, but during force
transfer the distribution of interface friction in the splice plates is not uniform and more specifically, the interface
frictions in the two-end areas (S; and S,o) are higher than the interface frictions in the middle areas (S and S;).
Therefore, there is one decrease of linear slope in S¢ (0.92 kN/°C) and S; (0.83 kN/°C) and one increase of linear slope
in S;0(2.43 kN/°C), as shown in Fig. 11(a). Furthermore, the linear slope relates to the shear capacity provided by
group bolts. The decrease of linear slope in S4 and S; makes the interface frictions smaller and has a wider margin to
reach the shear capacity of group bolts in Sq and S;, while the increase of linear slope in S;, makes the interface friction
closer to the shear capacity of group bolts in Sy,.

Besides, Fig. 11(b) shows that the constant contains some positive and negative values, such as 0.54 kN/°C for
S, and -0.28 kN/°C for S,. These values are produced from the simulation error. Theoretically, these values should
be 0 kN because they correspond to the interface friction without temperature increase. But the simulated data from
finite element analysis are not totally the same with the theoretical values, so the constant ¢(S;) is not 0 kN after fitting
the simulation data using Equation (1). What should be mentioned is that as the uniform temperature increases, the
interface friction from k(S,)7 is significantly higher than that from ¢(S;), so the influence of constant ¢(S;) can be
reasonably ignored compared with k(S,)7.
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Figure 11. The linear slopes and constants in different divided areas. (a) The linear slope k(S)).
(b) The constant term c(S)).

Furthermore, the distribution of linear slopes in different areas is mathematically described by one second-order
of Fourier Series as follows:

k(S;)= aO+Za cos(a)m)+Zb sin (wni) 2)

n=1

where k(S;) denotes the linear slope in the area S;; w, ay, a1, a,, b, and b, are the Fourier coefficients. Using the
least square method, the fitting curve of linear slopes is shown in Fig. 11(a), which agrees with the histograms of
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linear slopes. The estimated values of w, ay, a;, a,, b; and b, are 0.6807, 1.736, 0.1261, 0.197, 0.7165, and 0.197,
respectively. Furthermore, the distribution of interface frictions in different areas is mathematically formulated by
k(S,) times T as follows:

2 2
F(8;.T)=(ay+Y_a, cos(wki)+Y_by sin(wki))T (3)
k=1 k=1

THE EFFECT OF BOLT FRACTURE

This section thoroughly studies the effect of bolt fracture on the behaviour of high-strength bolted frictional steel
connection, including the influence of quantity and location of fractured bolts on the interface friction as well as the
linear superposition law of interface friction.

The influence factors: the quantity and location of fractured bolts

The quantity and location of fractured bolts can cause the redistribution of interface friction. However, a certain
quantity of friction-type high-strength bolts may fracture in many possible locations, so it is difficult to consider all the
possible fractured locations. Therefore, the random selection method is introduced here. In this method, the possible
fractured locations are stochastically selected from the plate A. In detail, the interface friction caused by a certain
quantity of fractured bolts in the random positions is treated as one random variable, and the mathematical expectation
of random variable is used to describe the average influence of random fractured locations.

For example, suppose that 6 friction-type high-strength bolts are fractured in the divided area S;, so their possible
fractured locations are stochastically selected from area S; using the random selection method. In this method, the
location of every bolt in the area S; is numbered from 1 to 8, and then 6 numbers are uniformly and randomly selected
from the intervals [1, 8], which are treated as the fractured locations. Such selection process is repeated for 14 times,
and finally 15 groups of possible fractured locations are stochastically selected. Through random selection analysis, the
linear slopes of interface frictions for each group of fractured locations are obtained, and the mathematical expectation
of these linear slopes is further calculated as shown in Figure 12. It can be seen that the mathematical expectation can
well describe the average influence of random fractured locations, and the bolt fracture can obviously result in the
redistribution of linear slope in S; by comparison with the one in Fig. 11(a); i.e., the linear slope in S; is obviously
decreased from 2.08 kN/°C to 0.96 kN/°C after bolt fracture.

The clamping forces from bolts directly affect the interface friction, and the bolt fracture of some bolts in S; can
directly result in the decrease of interface friction in this area and further result in the decrease of linear slope in the
area S; from 2.08 kN/°C to 0.96 kN/°C. Furthermore, the linear slope relates to the shear capacity provided by group
bolts. The decrease of linear slope caused by bolt fracture in S; makes the interface friction smaller and has a wider
margin to reach the shear capacity of group bolts in S;. Besides, because of the bolt fracture in S;, the interface friction
in S; is relatively smaller than that in S; i.e., there is one increase of linear slope from S; (0.96 kN/°C) to S, (2.15
kN/°C). But the linear slope (2.15 kN/°C) in S, after bolt fracture does not change much by comparison with the linear
slope (1.99 kN/°C) before bolt fracture (see Fig. 11(a)), so there is no obvious change in the linear slope and has little
effect on the group bolts in S,.
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Figure 12. The influence of selected fractured locations.

Furthermore, different quantities of fractured bolts in the area S; are simulated, which are hypothetically 0, 2, 4, 6,
and 8, respectively. Considering that the locations of fractured bolts in the area S; are uncertain, 15 groups of possible
fractured locations for each quantity of fractured bolts are stochastically selected from the area S; using the random
selection method. Finally, the mathematical expectation of linear slope for each certain quantity of fractured bolts is
shown in Figure 13. It can be seen that the bolt fracture can seriously decrease the linear slopes in the bolt-fractured
area S;; i.e., the increasing quantity of fractured bolts from 0 to 8 can result in the decreasing linear slopes from 2.08
kN/°C to 0.22 kN/°C, but the fractured bolts in S; do not distinctly influence the linear slopes in the other areas.
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Figure 13. The mathematical expectation of linear slopes.

Then, the correlations between the linear slopes after bolt fracture and the linear slopes before bolt fracture are
plotted in Figure 14. It can be seen that these correlations are clearly divided into two zones: in zone A, one obvious
linear characteristics exists; in zone B, there are no any linear characteristics. Considering that the linear slopes in the
zone B are all from area S;, they are specially selected and their correlations with the fractured quantity are shown in
Figure 15. It can be seen that, for this time, the correlation presents good linear characteristics, and the linear slope
is linearly decreasing as the fractured quantity is increasing; i.e., increasing fractured bolts from 0 to 8 can result in
decreasing linear slope from 2.08 kN/°C to 0.22 kN/°C.
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The linear characteristics in the zone A is mathematically described by one linear equation as follows:
K{(Si, N(S3))=I(S5)k(S)+n(Ss) (i#3) “)

where K(S;, N(S;)) denotes the linear slope of interface friction in the area S, when the fractured quantity in
the area S; is N(S;); I(S;) and n(S;) denote the coefficient term and constant term of linear equation regarding
the bolt fracture in the area S;, respectively; i denotes the serial number of divided area. The fitting line of linear
characteristics in the zone A is shown in Figure 14, and the estimated values of /(S;) and n(S;) are 0.9035 and
0.2082, respectively.

The linear characteristics in the zone B is mathematically described by one linear equation as follows:
K{(Ss, N(S3))=p(S3)N(S3)+4¢(Ss) (%)

where K(S;, N(S;)) denotes the linear slope of interface friction in the area S; when the fractured quantity in the
area S; is N(S;); p(S;) and ¢(S;) denote the coefficient term and constant term of linear equation regarding the bolt
fracture in the area S;, respectively. The fitting line of linear characteristics in the zone B is shown in Figure 15, and
the estimated values of p(S;) and ¢(8S;) are -0.2231 and 2.141, respectively.

Overall, the linear slope of interface friction in the area S, after bolt fracture is mathematically formulated by
integrating Equation (4) into Equation (5) as follows:

1(S3)k(S;)+n(S;) i#3

K(S.,N(S,)) =
G0 N5 {p(sozv(sz)w(sg) i=3

Q)

where K(S,, N(S;)) denotes the linear slope in the area S; when the number of fractured bolts is N(S;) in the area S;.
Finally, the interface friction in the area S; is mathematically described as follows:

ISK(S)T +n(Sy)T i #3

S;,N(S;),T)=
JORNEDD {p(ss)N(s3>T+q<ss>Ti=3

)

where f(S;, N(S;), T') denotes the interface friction in the area S; when the temperature increase is 7'and the number
of fractured bolts is N(S;) in the area S;.



Gaoxin Wang and Youliang Ding 119

The linear superposition of interface friction

The friction-type high-strength bolts may fracture in different areas, and the fractured bolts in each area can cause
the redistribution of interface friction. This part specifically studies whether the range of interface friction caused by
fractured bolts in different areas can be calculated by summing together all the ranges of interface friction caused by
fractured bolts in each area.

4 analytical cases are used in this study: in case I, no fractured bolts; in case II, 8 fractured bolts in the areas S;
and S,, respectively, namely, N(S;)=8 and N(S,)=8; in case III, 8 fractured bolts in the areas S; and Sg, respectively,
namely, N(S;)=8 and N(S;)=8; in case IV, 8 fractured bolts in the areas S;, S, , S; and Sy, respectively, namely, N(S;)=8,
N(S,)=8, N(S;)=8 and N(Ss)=8. The linear slopes of interface frictions in cases I, II, III, and IV are, respectively,
denoted as follows:

Keaser=k(S)) (8a)
Keaser=K(S:, N(S3)=8, N(S;)=8) (8b)
Kease =K (S:, N(S7)=8, N(S5)=8) (8¢)
Keaserv=K(S:, N(S5)=8, N(S5)=8, N(S7)=8, N(Ss)=8) (8d)

where K., ; denotes the linear slope of interface friction in the case j, j=I, IL, 111, I'V; (S;) denotes the linear slope in
the area S; before bolt fracture; K(S;, N(S;)=8, N(S,)=8) denotes the linear slope in the area S, with 8 fractured bolts in
the areas S;and S,, respectively; K(S;, N(S,)=8, N(S;)=8) denotes the linear slope in the area S; with 8 fractured bolts in
the areas S;and Sg, respectively; K(S,, N(S3)=8, N(S,)=8, N(S,)=8, N(S;)=8) denotes the linear slope in the area S; with
8 fractured bolts in the areas S, S, S;and S, respectively. Finally, the finite element results of Keyse 1, Kease11, Keasen and
K5 v are shown in Figure 16. It can be seen that the fractured bolts in cases II, III, and IV can significantly decrease
the linear slopes in the bolt-fractured areas by comparison with case I.

The linear slope (kN/°C)

Si S2 S3 Si Ss Se S7 Ss So Sw
The divided area

Figure 16. The results of Keue1, Keasetts Keasexnt a0d Kepse 1v-

Compared with the linear slope without fractured bolts in the cases I, the ranges of linear slopes caused by
fractured bolts in the cases I, III, and IV are, respectively, calculated as follows:

AKcase,II: case,ll™ case,I:AK(Siy N(S})ZS, N(S4):8):K(Siy N(S3):87 N(S4):8)_k(sl) (93)

AKcase,IlI: case,III'Kcase,I:AK(Sh N(S7):89 N(SS):g):K(Sn N(S7):89 N(S7):8)'k(s,) (9b)
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AKcase,IV: Kcase,IV'Kcase,I:AK(Sia N(S3):8a N(S4):87 N(S7):87 N(S8):8): K(SD N(S3):89
N(S4)=8, N(S7)=8, N(Ss)=8)-k(S)) (9¢)

where AK ., denotes the range of linear slope in the case k, k=I1, 111, IV; AK(S;, N(S;)=8, N(S,)=8) denotes the
range of linear slope in the area S; with 8 fractured bolts in areas S; and S,, respectively; AK(S,, N(S;)=8, N(Sg)=8)
denotes the range of linear slope in area S, with 8 fractured bolts in areas S;and Ss, respectively; AK(S;, N(S;)=8,
N(S4)=8, N(S7)=8, N(Ss)=8) denotes the range of linear slope in the area S; with 8 fractured bolts in areas S;, S4, S;and
Ss, respectively.

The calculation results of AK s 11, AK asen and AK . 1v are shown in Figure 17, which present obvious decrease of
linear slopes in the bolt-fractured areas. Moreover, considering that AK.,.1v is subject to the influence factors N(S;)=8,
N(S4)=8, N(S;)=8 and N(S;)=8 and the sum of AK .1 and AK 5. 18 also subject to the same influence factors, the sum
of AK yset and AK . iy 18 further calculated as shown in Figure 17. It can be seen that AK . ;A Koase nand AK 5. v have
similar trends by comparison.

"""" AI{case,l T AKcase,II - AKcase,HI
- 'AKcase,H‘AKcase,I

The range of linear slope (kN/°C)

29 . . . . . . . . |
St S22 S35 S4 Ss S¢ S7 Sg So Swo
The divided area

Figure 17. The range of linear slopes in different areas.

Furthermore, the correlation between AK entAKesem and AK v plotted in Figure 18 shows good linear
characteristics, which is mathematically described by one linear equation as follows:

AKcase,lV:cl (AKcase,ll+AKcase,lll)+C ( l O)

where ¢; and C are the coefficient term and constant term of linear equation, respectively. Using least square
method, the fitting line of linear characteristics is shown in Figure 18, where the estimated values of ¢, and C for
the fitting line are 1.038 and 0.00769, respectively. It can be found that ¢, is close to 1, indicating that AK v can
be treated as equal to the linear superposition of AK e n and AK yeeu; 1.€., the range of linear slope (AK s 1v) caused
by fractured bolts in areas S;, S,, S; and Sgcan be calculated by linearly summing together the range of linear slopes
(AK ue11) caused by fractured bolts in the areas S;, S,and the range of linear slopes (AK...m) caused by fractured
bolts in the areas S, Ss.
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MATHEMATICAL MODELLDING ANALYSIS

This section will mathematically model the redistribution of linear slope caused by fractured bolts. First, the
influence of fractured bolts in each area is modelled, and then the influence of fractured bolts in different areas is
modelled using the linear superposition law of interface friction.

Modelling the influence of fractured bolts in each area

Equation (6) has revealed the influence of fractured bolts in the area S;. By referring to Equation (6), the
redistribution of linear slope caused by fractured bolts in any area S;can be mathematically formulated as follows:

IS)SH+nS;) i#j

K@, ,N(S)= 11
( I ( J)) {P(S,)N(S,)‘HI(S]) i=j ( )

where K(S;, N(S;)) denotes the linear slope of interface friction in the area S; when the number of fractured
bolts is N(S)) in the area S; I(S)), p(S)), n(S;) and ¢(S;) are the coefficient terms and constant terms of linear
equations regarding the bolt fracture in the area S;, respectively; i and j denote the serial numbers of divided area,
respectively.

Ten analytical cases are used to estimate the values of coefficient terms and constant terms. In the kth case, all
the fractured bolts are in the area S;, where k=1, 2, ..., 10. Consider that the fractured bolts have many possible
fractured quantities and locations, so 46 groups of possible fractured quantities and locations in each case are
considered. In detail, the quantity of fractured bolts in each case is hypothetically 0, 2, 4, 6, and 8, respectively,
and 15 groups of possible fractured locations for each certain number of fractured bolts are stochastically selected
using the random selection method. Then, the results of ten cases are substituted into Equation (11), and the values
of I(S)), p(S)), n(S;) and ¢(S,) are shown in Figure 19 after least square estimation. It can be seen that all the fitting

values of /(S)) are close to 1, and the fitting values of ¢(S;) are similar with the linear slopes before bolt fracture in
Fig. 11(a).
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Figure 19. The fitting values of I(S)), n(S;), p(S;) and ¢(S)).

Another analytical case is used to verify whether the mathematical results from Equation (11) agree with the
numerical result from finite element model. In this case, suppose that all the friction-type high-strength bolts in the
area Sgare fractured, and the numerical and mathematical results of linear slopes are shown in Figure 20. It can be
seen that the numerical and mathematical results have similar trends, indicating that Equation (11) can well describe
the redistribution of linear slope caused by fractured bolts in each divided area. Moreover, the range of linear slope
caused by fractured bolts in any area S; is calculated by K(S;, N(S;)) minus £(S,) as follows:

Z(S/.)k(Si) +n(Sj)-k(Si) i#]j
PS)HN(S)+4(S)-k(S,) i=

3.3~
—— The numerical result

AK(S,;.N(S ) :{ (12)

---The mathematical result

The linear slope (kN/°C)

0.3~ ‘ : ‘ -
St S22 S3 Sa Ss Se S7 Ss So Sio

The divided area

Figure 20. The numerical and mathematical results.

Modelling the influence of fractured bolts in different areas

The friction-type high-strength bolts may fracture in different areas. Equation (10) indicates that the influence of
fractured bolts in each area can be linearly summed together, so the range of linear slopes caused by fractured bolts in
different areas can be calculated by linearly summing together all the ranges of linear slopes caused by fractured bolts
in each area as follows:

AK(Si, N(S1), N(S»), N(Ss), N(S4), N(Ss), N(S¢), N(S7), N(Ss), N(So), N(S,,))=c1AK(S;, N(S)))
+e8K(S, N(So) ...+ cloAK(S,, N(S1o)) +C (13)
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Equation (13) is one multivariate linear regression equation. In this equation, AK(S;, M(S)), N(S,), N(S;), N(S.),
N(Ss), N(Ss), N(S7), N(Ss), N(So), N(S1)) denotes the range of linear slope in the area S; when the number of fractured
bolts is N(S,) in the area S;, N(S,) in the area S,, N(S;) in the area S;, N(S,) in the area S,, N(S;) in the area Ss, N(Sy)
in the area S, M(S;) in the area S;, N(S;) in the area Sg, N(S,) in the area Sq and N(S;o) in the area S,o; AK(S;, N(S)))
denotes the range of linear slope in the area S; when the number of fractured bolts is N(S)) in the area S, j=1, 2, ..., 10;
1, ¢, ..., Cip are the regression coefficients; C is constant.

The regression coefficients and constant are unknown, so another ten analytical cases are used to estimate the
values of regression coefficients and constant. In the kth case, all the bolts in the areas S, S,, ...,S; are fractured, £/=1,
2, ..., 9; in the tenth case, all the bolts in the areas S,, S;, ..., Sjoare fractured. The finite element results of AK(S,,
N(S1), N(S2), N(Ss), N(S4), N(Ss), N(Se), N(S7), N(Ss), N(So), N(S10)), AK(S;, N(S1)), AK(S;, N(S2)), ..., AK(S;, N(S10)) in
ten cases are substituted into Equation (13), and after multivariate linear regression analysis, the estimated values of
regression coefficients and constant are finally shown in Figure 21. It can be seen that all the regression coefficients
are close to 1 and the constant is close to 0, verifying that the range of linear slopes caused by fractured bolts in
different areas can be calculated by linearly summing together all the ranges of linear slopes caused by fractured
bolts in each area.

0.6

o
[39)

The estimated values

O -

ci €2 ¢3 ¢4 ¢ c6 c1 cs ¢ cio C
The regression coefficients and constant

Figure 21. The estimated values of regression coefficients and constant.

Furthermore, the linear slope of interface friction caused by fractured bolts in different areas is mathematically
formulated by the range of linear slope in Equation (13) plus &(S;) as follows:

K(Si: N(Sl)’ N(SZ)’ N(SS)7 N(S4)’ N(SS)> N(Sﬁ)’ N(S7)s N(Sg), N(S‘?)’ N(Slo)):AK(Si’ N(Sl)>

N(S2), N(S5), N(S4), N(Ss), N(Ss), N(S7), N(Ss), N(So), N(S10))+ &(S)) (14)

where K(S;, N(S1), N(S,), N(S3), N(S,), N(Ss), N(Ss), N(S7), N(Sg), N(So), N(S1)) denotes the linear slope in the area
S; when the number of fractured bolts is N(S,) in the area S, N(S,) in the area S,, N(S;) in the area S;, N(S,) in the area

S4, N(Ss) in the area Ss, N(S) in the area S¢, N(S;) in the area S,, N(S;) in the area Sg, N(S,) in the area Sq and N(S)
in the area S,.

Finally, the redistribution of interface friction caused by fractured bolts in different areas is mathematically
formulated by the linear slope in Equation (14) times uniform temperature 7 as follows:

J(Si N(S1), M(S2), N(S), M(Sa), N(Ss), M(Se), N(S7), N(Ss), N(So), N(So), T)=AK(S;, N(S)),
N(S2), N(S5), N(S4), N(Ss), N(Se), N(S7), N(Ss), N(So), N(S10) T+ k(S)T (15)

where (S, N(S1), N(S2), N(Ss), N(S4), N(Ss), N(Sq), N(S-), N(Ss), N(Ss), N(Sy), T') denotes the interface friction
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in the area S; when the temperature increase is 7 and the number of fractured bolts is N(S,) in the area S,, N(S,) in
the area S,, N(S;) in the area S;, N(S,) in the area S,, N(Ss) in the area Ss, N(Se) in the area Se, N(S.) in the area S,
N(Sy) in the area Sg, N(So) in the area Sy and N(S,,) in the area S;,. What should be noted is that f(S;, M(S)), N(S,),
N(S3), N(S4), N(Ss), N(S¢), N(S7), N(Ss), N(Se), N(S19)) is the mathematical expectation of interface friction caused by
multiple stochastic fractured bolts. For example, fiS;, N(S,)=4, N(S,)=0, N(S;)=0, N(S,)=0, N(S5)=0, N(S¢)=0, N(S,)=0,
N(S5)=0, N(Sy)=0, N(S10))=0 is the mathematical expectation of interface friction caused by 4 fractured bolts in many
possible fractured locations of area S;.

Model validation

The linear slope of interface friction is treated as analytical indicator to validate the mathematical model.
Supposing that the bolts in the areas S; and S, are all fractured, the numerical and mathematical results are shown in
Figure 21, presenting similar trends. Moreover, 100 analytical cases are used to validate the mathematical model.
In each case, the fractured bolts are uniformly and randomly selected from the area p,p;;q;;q; in Figure 9. In detail,
there are total 80 fractured bolts in the area pp;;qi1q:, so the quantity of fractured bolts in each case is uniformly and
randomly selected from the quantity interval [1, 80]; then the location of every bolt in the area p;p;;q;,q; is numbered
from 1 to 80, and the locations of a certain quantity of fractured bolts are uniformly and randomly selected from the
location interval [1, 80].

After random selection analysis, the correlation between numerical and mathematical results of linear slopes is
shown in Figure 22, presenting obvious linear characteristics. Furthermore, their correlation is further fitted by one
linear equation as shown in Figure 22, where the estimated coefficient and constant of linear equation are 0.9723 and
0.0783, respectively. It can be found that the coefficient term is close to 1 and the constant term is close to 0, indicating
that the mathematical model can well describe the redistribution of interface friction caused by fractured bolts.
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Figure 22. The numerical and mathematical Figure 23. The correlation between numerical
results. and mathematical results.
MAIN RESULTS

This research carried out finite element analysis on the redistribution of interface friction in the high-strength
bolted frictional steel connection under the effect of bolt fracture and uniform temperature field using LSDYNA. Main
results with their indications are drawn as follows:

* The linear slopes in the splice plate are all positive, and the maximum and minimum values are 0.83 kN/°C and 2.43
kN/°C, respectively, indicating that increasing temperature can result in increasing interface friction in the splice plate;

* Linear slope directly relates to the interface friction, and lower linear slope means lower interface friction in the
splice plates. The linear slopes in the splice plate gradually decrease from S, (2.35 kN/°C) to S; (0.83 kN/°C) and then
gradually increase from S;(0.83 kN/°C) to S;0(2.43 kN/°C), indicating that the interface frictions in the two-end areas
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are higher than the interface frictions in the middle areas;

* The bolt fracture can seriously decrease the linear slopes in the bolt-fractured area. The increasing quantity of
fractured bolts from 0 to 8 in the area S; can result in obvious decreasing linear slopes from 2.08 kN/°C to 0.22 kN/°C;

* In the multivariate linear regression equation, the regression coefficients are close to 1 and the constant is close
to 0, indicating that the range of linear slopes caused by fractured bolts in different areas can be calculated by linearly
summing together all the ranges of linear slopes caused by fractured bolts in each area.

CONCLUSION AND RECOMMENDATION

In the bolted joint, the interface friction can transfer the internal forces of structural members. But during force
transfer, the distributions of interface friction in the splice plates are not uniform, and furthermore, the bolt fracture can
result in the redistribution of interface friction. To briefly sum up, increasing temperature means increasing interface
friction; lower linear slope means lower interface friction; increasing fractured bolts means decreasing linear slope;
the range of linear slopes caused by fractured bolts in different areas can be calculated by linearly summing together
all the ranges of linear slopes caused by fractured bolts in each area.

In this research, the effect of the quantity and location of fractured bolts on the redistribution of interface friction is
innovatively revealed. And furthermore, one new mathematical model is put forward to describe the redistribution of
friction redistribution. By comparison with current studies without considering the redistribution of interface friction
after bolt fracture, our research can provide useful reference for the behaviour study of friction-type high-strength
bolted joint after bolt fracture.

However, this work primarily focused on the linear behavior of frictional steel connection, while the nonlinear
behaviour was not taken into consideration. With regard to the plate sliding analysis and plastic deformation analysis,
the nonlinear behavior should be taken into consideration, which deserves further study in our next research.
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