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Abstract: The friction-type bolted joint transfers the internal forces in the
structural members by interface friction, but noticeable seasonal temperature
and bolt fracture cause the redistribution of interface friction and threaten
the joint safety. Therefore, this study carried out finite element analysis on
the interface friction considering the influence of seasonal temperature and
bolt fracture. Through finite element analysis, the simulation of interface
friction under seasonal temperature revealed the distribution of temperature-
induced interface friction in different areas and locations. Further simulation
of fractured bolts revealed the influence of quantity and location of fractured
bolts on the redistribution of interface friction. Finally, the interface frictions in
the bolted joint were evaluated using limit state equations. The results showed
that: 1) the quantity and location of fractured bolts cause obvious redistribution
of interface friction in the bolt-fractured areas; 2) the quantity and location
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of fractured bolts have slight effect on the total interface friction in the whole
splice plate; 3) the reduced interface friction in the bolt-fractured areas was
transferred to the areas without bolt fracture, producing little change in the
total interface friction;4) all the splice plates had abundant safety margin after
analysis of their limit state equations.

Keywords: fractured bolt, friction redistribution, joint-bolted bridge, safety
evaluation, temperature effect.

Introduction

Bolts have been widely used in the joints to connect the members of
steel structures (Bednarz Il & Zhu, 2014; Ju& Oh, 2016; Wu, Cao, Han, &
Ren, 2017; Yeum & Dyke, 2015), especially in the steel truss bridges such
as the Dashengguan Railway Bridge (Jin, 2013). For the frictional bolt joint
with high strength (FBJHS), the interface friction on the contact surfaces
of splice plates plays a critical role in transferring the internal forces from
one steel truss member to another. However, the bolt fracture is commonly
found at the bridge site due to various influence factors such as fatigue
vibration, environmental corrosion, and excessive twisting. For example,
the Dashengguan Railway Bridge is one long-span steel truss arch bridge
(Figure 1), and friction-type high-strength bolt is used in this bridge to
connect the numerous truss members, but from December 2010 to March
2016 a total of 277 fractured bolts were found from this bridge (Zhu,
2016). Besides, the bridge is mainly subject to uniform temperature field
from 12 a.m. to 6 a.m. (Wang & Ding, 2015). Figure 2 shows the monitoring
seasonal temperature data between 12 am. and 6 a.m. from March to
November in 2013 that presents an apparent seasonal change from 2.8 °C
to 30.7 °C. The combined effect of bolt fracture and noticeable seasonal
temperature seriously threatens the safety of FBJHS. So, it is significant to
conduct a safety evaluation on the FBJHS of steel truss bridge under this
condition.

Figure 1. The Dashengguan Railway Bridge and bolt fracture



Many experiments and finite element simulations have been carried
out to study the mechanical and fatigue performance of bolted joints
(Benhamena, Amrouche, Talha, & Benseddiq, 2012; Jiménez-Pefia, Talemi,
Rossi, & Debruyne, 2017; Juoksukangas, Lehtovaara, & Mantyla, 2016).
Jiménez-Pefia, Talemi, Rossi, & Debruyne (2017) investigated the failure
mechanism of fretting fatigue in the bolted joints subjected to different
levels of pre-tension. Benhamena, Amrouche, Talha, & Benseddiq (2012)
studied the effect of contact forces on fretting fatigue behaviour of bolted
splice plates. Zou, Feng, & Wang (2018) investigated the behaviour of
bolted shear connections for fibre-reinforced polymer (FRP) concrete
hybrid beams. Su, Yang, & Bradford (2016) presented an investigation of
the static behaviour of group-arranged stud-bolt hybrid shear connection
in long-span segmental bridges. However, the bolted joints in these
studies usually contain only a small number of splice plates and bolts,
and these studies rarely take the bolt fracture and seasonal temperature
into consideration. For the FBJHS in the long-span steel truss bridges,
numerous bolts and splice plates are usually employed in the bolted
joints. For example, one top chord member in the Dashengguan Railway
Bridge contains 16 splice plates and over 700 friction-type high-strength
bolts. Concerning such FBJHS, relevant studies usually focus on the
interface friction in the bolted joint before bolt fracture, and it is difficult
to answer whether the bolted joint still satisfies the safety demand after
bolt fracture.

Therefore, this research will thoroughly focus on the interface
friction of FBJHS in the steel truss bridge with consideration of both
bolted fracture and seasonal temperature. What is mentioned is that
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Figure 2. Monitoring seasonal temperature
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the interface friction is difficult to be monitored and collected at the
bridge site. So finite element simulation is one effective procedure to
study the interface friction in the bolted joint. In detail, one whole-bridge
model and one refined bolted joint model are combined to simulate the
interface friction for the Dashengguan Railway Bridge using LS-DYNA.
LS-DYNA well simulates the interface contact process among splice
plates, that has been widely used in the bolted joint study (Kim & Lee,
2015; Noh, Lee, & Park, 2013; Wang, Ding, Song, Wu, Yue, & Mao, 2015).
Concerning the verification of finite element model, considering that
the role of interface friction is to transfer the internal forces in the
truss members, the monitoring strain data under seasonal temperature
is employed to validate the finite element model. Specifically, if the
interface friction well transfers the internal forces in the truss members,
the simulated strain will agree with the monitoring strain under the
same seasonal temperature.

Through this study, the redistribution of interface friction caused
by the quantity and location of fractured bolts in the FBJHS is revealed.
Furthermore, the safety evaluation method for the interface friction in
the FBJHS, considering both bolt fracture and the seasonal temperature
is put forward. The results provide a useful reference for the frictional
steel connection design of high-strength bolts, especially for the long-
span steel truss bridges. What is mentioned is that the results are
only subjected to the seasonal temperature, and the results ignore the
influence of trains and gradient temperature. Such a case usually occurs
between 12 a.m. and 6 a.m., and during this period the temperature field
in the Dashengguan Railway Bridge is uniform, and the bridge traffic
is closed either (Wang & Ding, 2015). However, during the daytime,
high-temperature gradient exists in the Dashengguan Railway Bridge
(Wang & Ding, 2015), and many trains pass over the bridge. Therefore,
future research work will focus on more influence factors including
temperature gradient, running trains and bolt fracture for the safety
evaluation of the FBJHS.

1.  Finite element modelling
1.1. The whole-bridge model and refined bolted joint model

By referring to the design drawing of the Dashengguan Railway
Bridge (Ding, Wang, Hong, Song, Wu, & Yue, 2017), the whole-bridge
model and refined bolted joint model are modelled using the computer
software LS-DYNA, as shown in Figure 3, where the bolted joint model
is located at the top chord member PP, from the middle span of the



Dashengguan Railway Bridge. In the whole-bridge model, the truss
members and transverse stiffening beams under bridge deck are
modelled by the Belytschko-Schwer resultant beam element that
contains two six-degree-of-freedom nodes. The bridge deck is modelled
by the shell element that contains four six-degree-of-freedom nodes.
The supports 4, B, C, E, F and G of the Dashengguan Railway Bridge
are constrained in the z-translational and y-translational directions
and are free to move in the x-translational direction. The support D is
constrained in all the three translational directions. In the bolted joint
model, the plates of the top chord member and splice plates are modelled
by Belytschko-Lin-Tsay shell element. The friction-type high-strength
bolts are modelled by the solid element containing constant stress. The
whole-bridge model and bolted joint model are combined by coupling the
boundary nodes at the locations P; and P,.

For the whole-bridge finite element model, Young and shear moduli
are 205.9 GPa and 79.2 GPa, respectively; the density is 7853 kg/m?®; the
Poisson ratio is 0.3; the thermal expansion coefficient is 0.000013/°C.
For the friction-type high-strength bolt in the joint model, Young and
shear moduli are 206 GPa and 79.38 GPa, respectively; the density is
7820 kg/m?* (bolt screw) or 7890 kg/m® (bolt nut and washers); the
Poisson ratio is 0.28; the thermal expansion coefficient is 0.0000125/°C;
the clamping force is 355 kN. For the splice plate in the joint model,

Coordinate

Note: units in m.

Figure 3. The whole-bridge model and bolted joint model
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Figure 4. Validation of finite element model

moduli of Young and Shear are 206 GPa and 79.38 GPa, respectively; the
density is 7850 kg/m?®; the Poisson ratio is 0.28; the thermal expansion
coefficient is 0.000013/°C; the static friction coefficient is 0.45.

As mentioned earlier, the interface friction is hardly monitored
and collected from the bridge site to validate the finite element model.
However, considering that the role of interface friction is 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. Specifically, if the interface friction



well transfers the internal forces in the truss members, the simulated
strain will agree with the monitoring strain under the same uniform
temperature. The monitoring locations of temperature and strain are
shown in Figure 4a, and the monitoring correlation between strain and
temperature is shown in Figure 4b (Ding, Wang, Hong, Song, Wu, & Yue,
2017). In the monitoring correlation, the strain at temperature 0 °C is
offset to 0 pe. Figure 4b shows that the simulated correlation is like the
monitoring correlation, verifying that the finite element model is feasible
for analysis.

1.2. Details of splice plates and bolt group

Specifically, the bolted joint has a total number of 16 splice plates
from splice plate B to splice plate Q, as shown in Figure 5, and each side
in the cross-section of the bolted joint has four splice plates (i.e. two
splice plates inside and two splice plates outside). As reported by the
design drawing of the Dashengguan Railway Bridge, all the splice plates
are made of Q420qE steel (i.e. the tensile strength is 550 MPa, and the
yield strength is 410 MPa). Splice plates C, D, G, H, K, L, and P have two
contact interfaces, and splice plates B, E, F, I, /, M, N, and Q have one
contact interface. These contact interfaces transfer normal interface
force and shear interface force from one splice plate to another by

27202 the cross section of top chord
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Note: units in mm.

Figure 6. The details of the bolt group

calculating the automatic surface-to-surface contact algorithm in the
LS-DYNA. As reported by the overview of the splice plates in the design
drawing, the static friction coefficient of the contact interface is 0.45.
The thickness of plate A4 is 48 mm, and the thickness of splice plates B~P
is 20 mm, respectively.

This bolted joint contains 728 hexagonal bolts, as shown in
Figure 6. The dimension of each bolt is M30 (i.e. the diameter of bolt
screw is 30 mm), and its mechanical performance is 10.9 s (i.e. the
tensile strength is about 1040 MPa~1240 MPa, and the yield strength
is 940 MPa) (GB/T 1231-2006 Specifications of High Strength Bolts
with Large Hexagon Head, Large Hexagon Nuts and Plain Washers for
Steel Structures). Each bolt consists of four parts: bolt screw, bolt
nut and two plain washers. As reported by the design drawing of the
Dashengguan Railway Bridge, the bolt screw is made of 35VB steel,
and the bolt screw and washers are made of No. 45 steel (GB/T 1231-
2006). The contact interfaces of each bolt include a screw-washer
interface, plate-washer interface, and nut-washer interface. These
contact interfaces mainly transfer normal interface force, and the
normal interface force is calculated using the automatic surface-to-
surface contact algorithm in LS-DYNA. Each bolt is preloaded with a
clamping force of 355 kN.
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Seasonal temperature induces interface friction. For example, the
two parts of splice plate 4 are connected by the splice plates M, L, K and |
with friction-type high-strength bolts, as shown in Figure 7. Although
the loads on the bridge include gravity, temperature, wind, rain, the
change of tensile stress in the splice plate A is mainly caused by seasonal
temperature between 12 a.m. and 6 a.m. (Ding, Wang, Hong, Song, Wu,
& Yue, 2017). The tensile stress further induces interface friction on the
contact interfaces of splice plate L, as shown in Figure 8, where f;), - the
interface friction between splice plate L and splice plate M, and f;, - the
interface friction between splice plate L and plate A. The total interface
friction f for the splice plate L is f = f;y + fis. Furthermore, because
uniform seasonal temperature primarily induces axial stress in the top
chord member (Ding, Wang, Hong, Song, Wu, & Yue, 2017), the principal
direction of interface friction is the x-axial direction, as shown in Figure 8.

Splice plate L consists of 31 006 shell elements, and each shell element
contains interface friction. The total interface friction of splice plate L
can is obtained by adding together all the interface frictions in every
shell element, but this requires extensive calculation. Therefore, the
resultant normal force in the cross-section of splice plate L is utilised to
efficiently acquire the total interface friction, as shown in Figure 9. The
axial stress in each shell element multiplied by its cross-sectional area
is the axial force in each shell element. The integration of axial forces
in cross-section p;1qq; for all the shell elements is the resultant normal
force F,, as shown in Figure 9. As reported by the principle of static
equilibrium, the resultant normal force is equal to the total interface
friction f, that is, F, = f. Furthermore, the total interface friction in the
specified area p,p11q11q; of splice plate L is equal to the resultant normal
force F, in the cross-section p;,q1; of splice plate L.
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Figure 7. The details of bolt connection for plate A
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Figure 8. The distribution of interface friction on two contact interfaces
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Figure 9. The calculation method of interface friction

3. Theinfluence of seasonal temperature
3.1. The time-domain change trend of interface friction

The clamping force from friction-type high-strength bolts produces
evident pressure on the interface surfaces of the splice plates.
Figure 10a shows the left symmetric part of the interface pressure on
the left side of splice plate L (the splice plate L has two sides of contact
surfaces, i.e. left side and right side as shown in Figure 5b), and it
shows that:

1. The interface pressure is mainly centred on bolt holes;
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Figure 10. The interface pressure on the two sides of splice plate L

2. The interface pressure in the area pepi1q119s is weaker than that
in the area p1psqsq; because of the pressure diffusion in the splice
plates M and L, so the two-layer splice plates effectively diffuse
the pressure concentration.

Besides, Figure 10b also shows the right symmetric part of the
interface pressure on the right side of splice plate L, and it seems that
only the area p;1p1sq16q11 contains interface pressure because of the
contact area between L and M in the zone pi¢p;1921q16 i 0.

Under the effect of interface pressure and seasonal temperature,
the splice plates are mainly subjected to axial stress in the x direction,
denoted by x-stress. Figure 11 shows the tensile stress of splice plate L
when the seasonal temperature increases 20 °C. The tensile stress
presents a gradual increase in x-stress from a cross-section p;q; to
cross-section pq;q11 along the x direction. Using the calculation method
of interface friction, the interface friction in the area pip,1q11q: of splice
plate L is calculated, and the result of interface friction from March 2013
to November 2013 is shown in Figure 12. It seems that the changing
trend of interface friction is like the seasonal monitoring temperature by
comparison to Figure 2. The maximum and minimum interface frictions
are 547.7 kN and 47.1 kN, respectively.

Since the interface friction and monitoring seasonal temperature
present similar change trends, their correlation is further plotted
in Figure 13. It shows obvious linear characteristics. Although this
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Figure 12. The interface friction in the area

linear characteristic is difficult to be directly verified using field test
data or monitoring data, many research results have verified that the
temperature-induced effects (such as strain and displacement) have
linear correlation with temperature field (Ding, Wang, Hong, Song, Wu,
& Yue, 2017; Wang, Ding, Song, Wu, Yue, & Mao, 2015). In this research,
the interface friction also has a linear correlation with temperature,
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Figure 13. The correlation between friction and temperature

as shown in Figure 13. Furthermore, a linear equation is used to fit the
linear correlation using the least-squares method, and the fitted value
of the linear slope is 17.84 kN/°C. It means that the interface friction in
the area p1p1191191 can increases 17.84 kN as the seasonal temperature
increases 1 °C. The linear slope is further used as one analytical index
to study other influence factors, such as the influence of quantity and
location of fractured bolts.

2.2. The interface frictions in different areas of splice plates

The left symmetric part of splice plate L is divided into 11 areas,
as shown in Figure 14a, where the area p;p;;1q9;.1q; is denoted by §;
and the area p;p;11qi+1q; is denoted by C;. Using the calculation method
of interface friction, the interface friction in each area C; is obtained,
and then the linear slope in the area (; is further fitted, as shown
in Figure 14b, i = 1, 2, .., 11. It seems that the linear slope gradually
increases from C; to C;;, and the maximum linear slope is 17.84kN/°C
in the area C;;. Furthermore, the linear slope in each area S; is
calculated using the linear slope in the area C;,; minus the linear slope
in the area C; as shown in Figure 14c. It seems that the linear slope
gradually decreases from §; to S; and then gradually increases from
S; to Syp. Itindicates that the interface frictions in different areas of
the splice plate L are different, and the interface frictions in the areas
P1P2929:1 and piop11911q10 are larger than that in the area p;pgqsq;. The
interface friction relates to the load transfer ratio, and larger interface
friction in the area S; means larger load transfer ratio in the area S;.
Some results have shown that the load transfer ratios in the two-end
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areas (i.e. S; and Sy here) are larger than the ones in the middle areas
(i.e. S¢ and S; here) that is similar to saddle shape (Xu, 2011; Zhang,
Wang, Huang, & Liu, 2010). Those results agree with the distribution
of interface friction in this research.

As shown in Figure 14b, the interface friction in the area Cy; is the
largest of all the areas. Furthermore, using the calculation method of
interface friction, the most significant interface frictions in the other
splice plates are calculated, and then the linear slopes corresponding
to the largest interface frictions are further obtained, as shown in
Figure 15. It seems that the linear slopes of splice plates are divided
into two groups: for the splice plates C, D, G, H, K, L, and O, the linear
slopes have similar values; for the splice plates B, E, F, I, ], M, N, and
Q, the linear slopes have similar values. The average value in the
first group is 17.4 kN/°C, and the average value in the second group
is 4.0 kN/°C, so the average linear slope in the first group is about
4 times larger than that in the second group, indicating that the
interface frictions caused by seasonal temperature mainly exist in the
splice plates C, D, G, H, K, L, and O.

3. The influence of bolt fracture

3.1. Two influence factors: the quantity and location
of fractured bolts

As mentioned earlier, the bolt fracture in the Dashengguan Railway
Bridge occurs every year in the real service environment (Zhu, 2016).
Besides, as reported by the inspection results of fractured bolts in the
Dashengguan Railway Bridge (Jin, 2013), bolt fracture occurs randomly
because of complex influence factors. Therefore, providing that eight
bolts be fractured, as shown in Figure 16, the fractured bolts are directly

Gaoxin Wang,
Youliang Ding

The Interface Friction
in the Friction-Type
Bolted Joint of Steel
Truss Bridge: Case
Study

201



THE BALTIC JOURNAL
OF ROAD

AND BRIDGE
ENGINEERING

2020/15(1)

202

removed from the finite element model to simulate the influence of
fractured bolts. Then, the seasonal temperature increases 20 °C, and the
x-axial tensile stress in the splice plate L is plotted in Figure 16. It shows
that the tensile stress values change little by comparison to the results
before bolt fracture in Figure 11. Furthermore, Figure 17 shows the
changing trend of total interface friction in the area pip;1911q: induced
by both seasonal monitoring temperature and eight fractured bolts, and
it seems that it is very close to the changing trend before bolt fracture.
Therefore, it infers that eight fractured bolts have only a slight influence
on the total interface friction.

Considering that, eight fractured bolts have a slight influence on the
interface friction, a larger number of fractured bolts are considered in
this study. Since the quantity of fractured bolts in a period is random in
the real service environment (Jin, 2013), the number of fractured bolts
is simulated under five analytical cases, and the quantity of fractured
bolts in each case is hypothetically 8, 16, 24, 32, and 40, respectively. For
each certain quantity of fractured bolts, considering that their fracture
location is also random (Jin, 2013), 12 possible fracture locations
are considered for each case. The possible locations for each case are
determined using a random sampling method. Concerning the random
sampling method, the location of every bolt in the left symmetric part of
splice plate L is numbered from 1 to 80 one by one, and then 12 random

[ The locations of fractured bolts

1.6 112 212 313 41.3=|=
Il .

P11

q

.||§_.'_._._._

L <
The symmetric axis p,,q,, of plate L

Note: units in MPa.

Figure 16. The x-axial stress in the splice plate L
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numbers are sampled from intervals [1, 80]. The random numbers are
treated as the locations of fractured bolts.

Using the calculation method of interface friction, the total interface
friction in the area p;pi1q11q: of splice plate L is calculated for each
analytical case. Then, the linear slope of the correlation between the
total interface friction and the seasonal temperature is fitted. Finally,
12 linear slopes corresponding to 12 possible fracture locations for
each case are obtained, and the average linear slope (ALS) for each case
is calculated to study the influence of fracture quantity on interface
friction, as shown in Figure 18. It seems that the ALS gradually decreases
as the fracture quantity increases, but the range of decrease is minimal,
from 17.84 kN/°C to 16.86 kN/°C, indicating that the influence of the
quantity of fractured bolt on the total interface friction in the splice
plate L is ignored. The 12 linear slopes minus the ALS in each case is
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Figure 18. The influence of fracture quantity
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the fluctuation of linear slopes that reflects the influence of fracture
location on interface friction, as shown in Figure 19. It seems that the
fluctuation of linear slopes is one stationary process, and the fluctuation
range is minimal, from 0.61 kN/°C to -0.44 kN/°C. The fluctuation range
indicates that it is reasonable to ignore the influence of the location of
fractured bolts on the total interface friction in the splice plate L is
ignored.

3.2. The redistribution of interface friction
after bolt fracture

The reason why bolt fracture has little effect on the total interface
friction in the area pip;1q11q; is the redistribution of interface friction
after bolt fracture. Assume that 32 bolts are fractured in the areas
P3Psqsq3 and p;peqqq; of splice plate L, as shown in Figure 20a. Then,
the interface friction in the area C; of splice plate L is obtained using
the calculation method of interface friction, and the linear slope of the
correlation between the interface friction and the seasonal temperature
is obtained as shown in Figure 20b. Compared to the linear slope without
bolt fracture, it has seen that:

1. After bolt fracture, the linear slope has a different trend from C;
to Ci;, namely the redistribution of interface friction after bolt
fracture;

2. The linear slope in the area C;; changes little after bolt fracture,
indicating that the bolt fracture has little effect on the total
interface friction in the area p,p;19119;. Furthermore, the interface
friction in each divided area S, is plotted in Figure 20c. It shows
that after bolt fracture the linear slopes become lower in the bolt-
fractured areas S3, S, S7 and Sg, and become larger in the areas S,
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Ss, S¢, Sg and S1o.This means that the reduced linear slopes in bolt-
fractured areas are transferred into the areas without fractured
bolts, thus producing little change in the total interface friction in

the area p1p119119:-

4, Safety evaluation analysis
4. Safety evaluation method

For the FBJHS, the interface friction among splice plates transfers
the internal force of the top chord member, so the abnormal variation
in interface friction in real service environment threatens the safety of
bolt connection. The influence of seasonal temperature together with
the bridge gravity on the total interface friction in the splice plate is
expressed as follows:

ﬁ.‘otal = k(T - TO) +f;1' (1)

where f,; — the total interface friction of one splice plate; k - the
linear slope of correlation between interface friction and seasonal
temperature; T - the seasonal monitoring temperature; T, - the
reference temperature when the temperature-induced interface friction
is 0 kN; f; - the interface friction of one splice plate caused by bridge
gravity. Unfortunately, Ty is difficult to be directly determined, because
it is hard to measure interface friction data. Considering that if the
temperature-induced interface friction is 0 kN, then the temperature-
induced strain will be zero, therefore the monitoring strain and
temperature data are used to evaluate T, (Ding, Wang, Hong, Song, Wu,
& Yue, 2017). Finally, after fitting the monitoring correlation between
strain and temperature, the fitting result shows that T, = 7.46 °C.
Additionally, f; is calculated by loading bridge gravity on the finite
element model, and f; is -1670.2 kN in the area p;p11q11q; of splice plate L.

The bolted joint contains shear resistance capacity produced by
the clamping force of friction-type high-strength bolts. However,
bolt fracture weakens the shear resistance capacity, as shown in the
following equation:

[f1 = u(N - NJN,P, (2)

where [f] - the shear resistance capacity of one splice plate, kN; p -
the static friction coefficient of contact interface, and u = 0.45; N - the
number of total installed bolts; N, - the number of fractured bolts; N, -
the number of contact interfaces in one splice plate; P - the clamping
force of bolts, and P = 355 kN.



For the FBJHS, the total interface friction is smaller than the shear
resistance capacity to ensure the safety of the bolted joint. There is
one limit state when the total interface friction is equal to the shear
resistance capacity, as shown in the following Eqs (3) and (4):

frotall = [f], (3)
or |k(T - Ty) + f;| = (N - NJN,P. “4)

Egs (3) or (4) is the limit state equation to evaluate the safety of
the bolted joint. If |f,,.i| < [f], the bolted joint will be in a safe state;
otherwise, the bolted joint will be in a precarious state.

5.2. Safety evaluation result

The limit state equation reveals the relation between the seasonal
temperature T and the quantity of fractured bolts N, regarding the
safety of the bolted joint, as shown in Figure 21. The monitoring point
(N,, T) falling into the safe zone indicates the safe state of bolted joint.
In 2013, all the bolts were in good condition in the studied joint, and
the maximum and minimum monitoring seasonal temperatures were
30.7 °C and 2.6 °C, respectively. So, the monitoring points (0, 30.7) and
(0, 2.6) fell into the safe zone, indicated that the studied joint was in
the safe state in 2013. Furthermore, the shear resistance capacity [f] of
splice plate L is 25 560 kN, and the maximum interface friction |f,| in
the area p1p119119: caused by seasonal temperature and bridge gravity
is 1935.3 kN, accounting for only 7.57% of the shear resistance capacity.

3000
— 17.84T - 1981,69 = 25 560 — 319.5N,
o —17.847— 1981.69 = 319.5N_— 25 560
s 2000 ¢
n
E
g 1000 The precarious zone
5
= The safe zone
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The quantity of fractured bolts

Figure 21. The relation between the seasonal temperature and the quantity
of fractured bolts in the limit state Equation

Gaoxin Wang,
Youliang Ding

The Interface Friction
in the Friction-Type
Bolted Joint of Steel
Truss Bridge: Case
Study

207



THE BALTIC JOURNAL
OF ROAD

AND BRIDGE
ENGINEERING

2020/15(1)

208

Therefore, an abundant safety margin exists in the splice plate L.
Additionally, the other splice plates were also in a good state in 2013
after analysing their limit state Eqs.

Conclusions

This research primarily carried out finite element analysis on
the interface friction of splice plates under conditions of seasonal
temperature variation and fractured bolts, and the safety of the bolted
joint was evaluated using limit state equation. The main conclusions are
drawn as follows:

1.

The interface pressure is mainly centred on bolt holes, and
the two-layer splice plates diffuse the pressure concentration
effectively. Moreover, the interface friction and seasonal
temperature have similar changing trends, and their correlation
shows excellent linear characteristics. The maximum and
minimum interface frictions from March 2013 to November 2013
are 547.7 kN and 47.1 kN, respectively.

. The interface friction in the area C; gradually increases from C;

to Cy1, and the maximum value is 17.84 kN/°C in the area C;;. The
interface friction in the area S; gradually decreases from S; to S,
and then gradually increases from S; to S;o. The interface frictions
caused by seasonal temperature are mainly centred in the splice
platesC,D, G, H, K, L, O and P.

The quantity of fractured bolts has little effect on the total
interface friction and the total interface friction caused by
40 fractured bolts changes slightly from 17.84 kN/°C to
16.86 kN/°C. The location of fractured bolts also has little effect
on the total interface friction, and the variation of total interface
friction caused by random fractured locations is between
0.61 kN/°C and -0.44 kN/°C.

Bolt fracture reduces the interface frictions in the bolt-fractured
areas, and the reduced interface frictions in the bolt-fractured
areas are transferred into the areas without bolt fracture,
resulting in little change in the total interface friction.

The shear resistance capacity of splice plate L is 25 560 kN, and
the maximum interface friction in the splice plate L caused by
seasonal temperature and bridge gravity is 1935.3 kN, accounting
for only 7.57% of the shear resistance capacity. Enough safety
margin exists in the friction-type high-strength bolted joint.
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