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Abstract
The performance of bridge expansion devices (e.g., bearings or expansion joints)is a major concern for the operation depart-
ment. A mechanical analysis model can be used to accurately analyze the influence mechanism of major factors and evaluate 
the working performance of bridge expansion devices with structural health monitoring data. Considering the nonlinear 
characteristics of bearing friction, a friction hysteresis model was established in this study to analyze the behavior of the 
bearing longitudinal displacement (BLD) under thermal excitation. The friction hysteresis model can describe the motion 
path of the BLD under periodic temperature. The variation in the model parameter is defined as an evaluation index that 
can reflect the degradation in the working performance of the bearing. The periodic change in the temperature is the driving 
force for developing the friction hysteresis model, and the calculation of the temperature-induced BLD is critical in extract-
ing the evaluation index. Therefore, a calculation formula for the BLD of the steel truss bearing was derived considering 
the temperature gradient. Finally, the application of this method was verified through the temperature and BLD monitoring 
data of a multispan continuous steel truss arch bridge. The results showed that the evaluation index variance can describe 
the maximum bearing friction increase. However, the proposed approach is primarily based on thermal excitation, because 
of which it cannot assess the bearing working performance if the uncertainty in the friction hysteresis model is introduced 
by other types of excitations (e.g., vehicle excitation).

Keywords  Steel truss bridge · Temperature gradient · Bearing friction · Bearing longitudinal displacement · Bearing 
working performance

1  Introduction

To ensure that bridges adapt to longitudinal deformation, 
expansion devices, such as rolling bearings and expansion 
joints, are installed at appropriate positions on the bridge. 
Research is being conducted on premature failures of expan-
sion devices due to uninterrupted wear, such as periodic 
temperature loading and repetitive impact of vehicle loads 
[1–3]. For example, the expansion joints of the Runyang 
Suspension Bridge with a main span of 1490 m had to be 
repaired only after three years in service [3]. The Akashi-
Kaikyo Suspension Bridge with a main span of 1991 m 
exhibited fatigue cracks in the connection pin of the expan-
sion joints only three years after its opening [4]. The Jiang-
yin Suspension Bridge with a main span of 1385 m suffered 
excessive wear and transversal shear failure of the bearings 
in the expansion joints after only four years of operation [5]. 
Therefore, the maintenance of expansion devices has been a 
concern for bridge management.
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The results of thermal-induced testing are susceptible 
to changes in geometric or material properties of structural 
systems that have been explicitly used as damage indica-
tors [6, 7]. Damage is defined as unintentional changes to 
physical properties, such as boundary conditions and struc-
tural continuity, that affect structural behavior [8]. Structural 
health monitoring (SHM) has been widely used in bridge 
assessment [9, 10]. The temperature–displacement relation-
ship model has been used to assess the working performance 
of bridge expansion joints or bearing based on SHM. For 
example, using SHM monitoring data, Ni et al. [11] esti-
mated the maximum displacement range and cumulative 
movement by linear regression of the effective temperature 
and longitudinal displacement, and evaluated the working 
performance of expansion joints by cumulative movement. 
Deng et al. [12] pointed out that the longitudinal displace-
ment of a suspension bridge is strongly correlated to the 
temperature, and a linear regression model of the average 
temperature was established to predict the longitudinal dis-
placement. However, a linear regression model has draw-
backs because of the uncertainty in using the effective or 
average temperature to simplify the temperature gradient. 
As a result, combining the Bayesian regression model with 
reliability theory, Ni [13] developed an anomaly index to 
evaluate the health of expansion joints and raise an alarm 
in the event of damage. Huang [14] introduced correlation 
analysis algorithms into the displacement–temperature rela-
tionship and proposed a method of early alarm to evaluate 
the performance of expansion joints. Given the influence of 
the temperature gradient, Wang [15] proposed a displace-
ment–temperature linear regression model to predict the 
bearing longitudinal displacement (BLD). To alleviate the 
effect of the temperature gradient, Yarnold [16] selected a 
time window with a lower solar radiation level to describe 
the nonlinear mechanism of the temperature and longitudinal 
strain. Winkler [17] formulated the relationship between the 
temperature and the displacement of bridge expansion joints 
and used it to assess the performance of expansion joints.

Besides, The influence of boundary conditions on the 
BLD is significant. Yarnold [18] introduced a longitudinal 
nonlinear spring to study the nonlinear stick–slip displace-
ment mechanism during the measurement period. Murphy 
[19] used boundary condition parameters to represent the 
current state of the Route 61 Bridge based on the tempera-
ture-based structural identification scheme. Xia [20]theoreti-
cally derived the linear longitudinal boundary stiffness iden-
tification method for a long-span suspension bridge based on 
temperature-induced effects.

A friction-based bearing system is a common expan-
sion device for bridges. However, it is currently difficult 
to express the BLD in mathematical formulae under the 

bearing friction and nonuniform temperature fields, which 
limits the interpretability of evaluation methods based 
on thermal excitation. Finite element model modification 
techniques have been applied to determine the longitudinal 
boundary stiffness in many studies [6, 21–23]. Satisfactory 
results could only be obtained when repeatedly adjusting the 
finite element model parameters; this requires a considerable 
amount of work if the finite element model is complex. To 
solve the above problems, in this study, a frictional hyster-
esis model was established to analyze the BLD behavior 
under bearing friction and nonuniform temperature fields, 
and a temperature-induced BLD computational formula was 
derived considering the temperature gradient. A method for 
assessing the bearing working performance was developed 
based on monitoring data.

2 � Characteristics of truss bridge BLD 
under operational condition

A railway multispan continuous steel truss arch bridge is a 
symmetric structure with a main span of 336 m and spans 
of 108 and 192 m on either side (Fig. 1). The truss bridge 
is composed of a steel truss frame and a steel deck. Spheri-
cal bearings are installed on the bridge to release the lon-
gitudinal displacement, whose sliding material is polytetra-
fluoroethylene. Displacement transducers are installed at all 
the bearing positions except at the fixed joint 4. The posi-
tive direction of the BLD is defined as the deviation in the 
bearing from the initial position toward Beijing. Four Fiber 
Bragg grating temperature sensors are installed on the cross 
sections of the upper and lower chords, as shown in Fig. 2b.

Figure 3 shows 480 h of BLD monitoring data. The curve 
trend of BLD 1–BLD 3 (longitudinal displacement monitor-
ing data of bearings 1–3) is consistent; however, the curve of 
BLD 3 is evidently rough. Figure 4 shows 24 h of BLD mon-
itoring data. The train-induced BLD was marked based on 
the train passing signal collected by the monitoring system. 
It indicates that the train has a negligible effect on BLD 1 
and BLD 2; BLD 2 has a dead zone in the region of extreme 
point of temperature (i.e., when the temperature changes, 
BLD 2 remains stationary). “Dead zone” was defined as 
“stick” in literature [24], as shown in Fig. 5, indicating that 
the bearing friction has a non-negligible influence on the 
BLD. Accordingly, a BLD analysis model under temperature 
and bearing friction is proposed in Sect. 3.

Figure 6 shows the influence of trains on BLD 3: after 
the train runs over the bridge, not all BLD 3 can return to 
its initial state. This indicates that the bearing friction may 
change when trains pass. The reasons will be discussed in 
the last section.
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3 � Friction hysteresis model and evaluation 
index

3.1 � Analysis for simply supported beam

Figure 7 shows the friction-based bearing systems for a 
simply supported beam. The meanings of each element 
name are as follows:

Nomenclature for Fig. 7

Thermal expansion element (TEE): with infinite axial 
stiffness to simulate the thermal expansion characteristics 
of the girder.

L: The original length of the beam.
ΔT: Temperature variation of the beam.
y: BLD.
f: The bearing friction.
y0: Temperature-induced BLD.
M: The mass of the girder assigned to the bearing.
K: Axial stiffness of spring.

Fig. 1   The continuous truss 
bridge site

Fig. 2   Layout of sensors on the continuous truss bridge(unit:m): a sensors installation and truss bridge elevation; b temperature sensors cross 
section
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Lf: Friction-induced BLD.
C: Maximum friction-induced BLD.
Bridge materials, such as steel and concrete, expand and 

contract in response to thermal “loads.” A critical aspect of 
the thermal behavior is that the response is a combination 
of an unrestrained portion and a restrained portion [16]. In 
this friction-based bearing system, the BLD (y) is made up 

of temperature-induced BLD (y0) and friction-induced BLD 
(Lf). Their relationship can be expressed as Eq. (1):

where α is the expansion coefficient, and μ is the frictional 
coefficient.

Essentially, the bearings do not move until the maxi-
mum static friction is overcome. When a bearing is 
restrained by the static friction, with the deformation of 
the spring (Lf) neutralizing the thermal deformation of 
the TEE (y0), the bearing is in the “stick” position. After 
the generated spring force overcomes the maximum static 
friction (μMg), “slip” occurs as the TEE expands or con-
tracts. Therefore, in the morning when the structure begins 
to heat up, the bearing is in the “stick” position until a 
temperature is reached, which exerts a sufficient longitudi-
nal force. The bearing then “slips” and continues to move 
until the structure starts to cool. An ideal analysis model is 

(1)

⎧⎪⎪⎨⎪⎪⎩

y = y0 + Lf

y0 = �ΔTL

Lf = f∕K

C = �Mg∕K

,
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Fig. 3   BLD 1–3 time history in 480 h

Fig. 4   BLD 1–3 and tempera-
ture in 24 h

Fig. 5   Bearings displacement “stick–slip” behavior under periodic 
temperature
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accordingly proposed. The friction as the boundary condi-
tion existing on the bearing restrains the BLD. The posi-
tive bearing friction (PBF) and negative bearing friction 

(NBF) convert to each other when the beam is subjected 
to a periodic temperature load (Fig. 8a).

Process 1: 0–1. When the temperature increase, TEE 
expands. Since the internal force of the spring is less than 

Fig. 6   The impact of trains 
passing on BDL 3

Fig. 7   The model of BLD on 
the effect of temperature and 
friction: a the calculation illus-
tration of BLD; b the compo-
nents of BLD; c the nonlinear 
of friction

(c) The nonlinear model of friction
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Fig. 8   The motion path of BLD 
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esis loop
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the maximum bearing friction (μMg), BLD does not increase 
immediately, and NBF occurs simultaneously.

Process 2: 1–2. When the spring internal force is accumu-
lated by the maximum friction force (μMg), the BLD moves 
with TEE expansion. The NBF and the deformation of the 
spring remain constant.

Process 3: 2–3.When the maximum temperature is 
reached, the temperature begins to drop, prompting the TEE 
to shrink. Since the spring gradually returns to its original 
length from the compressed state at this time, the friction 
decreases to 0, and BLD remains stationary.

Process 4: 3–4. The spring turns into tension, and the 
friction is reversed, leading to PBF.

Process 5: 4–5. When the internal force of the spring 
under tension increases to the maximum bearing friction 
(μMg) and the temperature continues to decrease, the BLD 
also decreases. The deformation of the spring remains con-
stant at this time until it drops to the minimum point.

Process 6: 5–6. The temperature begins to rise, the TEE 
begins to expand, the spring returns to its original length 
from the tensioned state, and the friction force decreases 
to zero.

Process 7: 6–7. Repeat process 1.
Process 8: 7–8. Repeat process 2.
The hysteresis loop (Fig. 8b) can describe the relationship 

between the BLD and temperature-induced LBD, such as the 
cyclic bilinear behavior and hysteresis characteristics. The 
hysteresis loop can be expressed as Eq. (2):

Assuming K is a constant, we have:

The hysteresis loop can be described using the parameter 
ΔLf, which is proportional to the bearing friction (μMg). 
The parameter ΔLf increases as the working performance 
of the bearing deteriorates. The relationship between ΔLf 
and the maximum bearing friction for a simply supported 
beam is clear. However, it will be more complicated when a 
multispan continuous beam is introduced.

3.2 � Analysis for multispan continuous beam

Typically, the displacement transducers is installed at the 
junction of the pier and beam. Therefore, the BLD reflects 
the change in the length of the lower surface of the beam 
instead of the change in the length of the neutral axis. For 
example, the friction-induced BLD for a three-span con-
tinuous beam (Fig. 9) is analyzed and calculated. The bear-
ing friction acts on the continuous beam in the longitudinal 

(2)

{
y = y0 −

𝜇Mg

K
⋅ sign(y0 − y), ||y − y0

|| ≥ 𝜇Mg

K

ẏ = 0, ||y − y0
|| < 𝜇Mg

K

.

(3)ΔLf = 2C = 2K−1�Mg.
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direction as an eccentric load (Fig. 9a) and induces axial 
deformation (Fig. 9b) and bending deformation (Fig. 9c). 
Evidently, the bending deformation can induce BLD. Based 
on the linear elasticity theory, the friction-induced BLD is 
composed of two parts, shown in Fig. 9.

The friction-induced BLD can be written as a vector:

where Lf is the friction-induced BLD, Ln is the BLD induced 
by axial deformation, and Lm is the BLD induced by bending 
deformation. The axial force is equal to the bearing friction:

where f is the vector of the bearing friction (Fig. 9a); n is the 
vector of the axial force (Fig. 9b). The relationship between 
Ln and n can be expressed as:

where Kn is the axial stiffness matrix, and the moment vec-
tor m generated by the eccentric load can be expressed as:

where H is the section height (Fig. 9a).
The angular displacement of the section is calculated 

using Eq. (8):

where Km is the bending stiffness matrix.
Lm can be expressed using Eq. (9) based on the plane 

cross section assumption:

Substituting Eq. (9) into Eq. (8):

Substituting Eq. (6) and Eq. (10) into Eq. (4) gives the 
equation for the friction-induced BLD:

(4)Lf = Ln + Lm,

Lf =

⎧⎪⎨⎪⎩

Lf,1
Lf,2
Lf,3
Lf,4

⎫⎪⎬⎪⎭
, Ln =

⎧⎪⎨⎪⎩

L1,n
L2,n
L3,n
L4,n

⎫⎪⎬⎪⎭
, Lm =

⎧⎪⎨⎪⎩

L1,m
L2,m
L3,m
L4,m

⎫⎪⎬⎪⎭

(5)n = f ,

(6)n = K
n
Ln,

(7)m =
H

2
f ,

(8)
H

2
f = K

m
�m,

(9)Lm =
H

2
�m.

(10)f =
4

H2
K

m
Lm.

(11)Lf =

(
K−1

n
+

H2

4
K−1

m

)
f .

The friction-induced BLD of the fixed joint is restrained 
(such as the value of L4 should be zero in Fig. 9); there-
fore, Eq. (11) is modified as:

While the maximum NBF switches into maximum PBF, 
Δf = 2f  and ΔLf = 2Lf − 2L4 . Equation (13) is reasonable:

where Δn = Kn
−1, and Δm = Km

−1 H2/4.
The hysteresis parameter ΔLf can reflect the multi-

span girder bearing friction (i.e., bearing working perfor-
mance), which is twice the friction-induced displacement 
in essence.

3.3 � Evaluation index and assessment method

The BLD (y) is composed of the temperature-induced 
BLD (y0) and friction-induced BLD (Lf); however, they 
are unobservable values except for the BLD. Generally, y0 
can be calculated based on the bridge temperature field. 
The BLD monitoring data can be divided into two parts, 
as shown in Fig. 8: BLD data in the maximum PBF state 
(yP) and BLD data in the maximum NBF state (yN). The 
hysteresis parameter (ΔLf) can be obtained using Eq. (14):

From Eq. (13), an increase in the bearing friction (i.e., 
bearing degradation) causes ΔLf to change proportionally. 
The evaluation index namely Ei is defined in Eq. (15), 
which can reflect the variation in the bearing friction. Fig-
ure 10 shows the flowchart of the methodology:

where ΔLf,d is the parameter after the degradation in the 
bearing working performance, and ΔLf,h is the initial 
parameter.

An accurate calculation formula for y0 is key to iden-
tifying the parameter. However, the temperature gradient 
significantly affects the BLD [15, 18], the linear regression 
algorithm may introduce significant errors when estimat-
ing y0, and machine learning algorithms have come across 
overfitting and underfitting. Therefore, the calculation for-
mula for y0 will be discussed in further detail based on a 
mechanical model.

(12)Lf − L4 =

(
K−1

n
+

H2

4
K−1

m

)
f .

(13)ΔLf =
(
�
n
+ �

m

)
Δf ,

(14)

⎧⎪⎨⎪⎩

Lf,P=yP − y0

Lf,N=yN − y0

ΔLf = Lf,P − Lf,N

.

(15)Ei = ‖‖ΔLf,d − ΔLf,h
‖‖1,
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4 � Calculation of temperature‑induced BLD

Assumption 

1.	 The mechanical behavior of the steel truss bridge meets 
the linear elasticity theory.

2.	 The temperature difference can describe the temperature 
gradient among the lower chord, the web member, and 
the upper chord.

3.	 The temperature-induced BLD is approximately equal 
to the axial deformation of the lower chord.

4.	 The hinged mode is used to simulate the connection of 
the truss members [25, 26] (Fig. 11).

Nomenclature for BLD calculation
α: coefficient of thermal expansion, 10.0–12.0 με/℃.
hi: height of ith truss segment.
li: length of ith truss segment.
mi: length of diagonal web member of ith truss segment.
T: temperature of the lower chord.
t: temperature difference between the lower and upper 

chords.
Tm: temperature difference between the lower chord and 

the web member.
E: modulus of elasticity of steel.
Ai: cross-sectional area of the lower chord of the ith 

truss segment.

4.1 � Calculation of BLD induced by T and t

While the lower chord temperature (T) and the temperature 
difference between the lower chord and the upper chord (t) 
load on the truss, the temperature gradient is equivalent to 
two parts (Fig. 12). Part 1 temperature gradient induces axial 
deformation, and Part 2 temperature gradient induces bend-
ing deformation.

First, the highly indeterminate structure is converted to 
the primary structure by releasing redundant restraint.

Fig. 10   Flowchart of the methodology

h i

li
m
i

m
i+2m i+

1

m
i

m
i+1

m
i+2

li+1 li+2

h i

li li+1 li+2
(a) Warren truss

(b) Pratt truss

Fig. 11   Common form of parallel chord truss: a Warren truss; b Pratt 
truss



171Journal of Civil Structural Health Monitoring (2022) 12:163–178	

123

Part 1:
The central axial deformation of the ith truss segment 

is obtained by:

where Li, center, T,t is the center axial deformation of the ith 
truss segment induced by T and t.

Part 2:
The angular displacement of the ith truss segment ver-

tical member results in the truss bending globally, and 
the displacement calculation of the ith truss segment is 

(16)Li,center,T ,t =
(
1 + �T +

�t

2

)
li,

illustrated in Fig. 13. The axial chord deformation of the 
ith truss segment is:

The length magnification of the chords λ is defined as:

where “+” is used for calculating the upper chord and “−” 
for the lower chord.

According to the law of cosines:

where Ψi is the initial angle between the chord and the diago-
nal web member of the ith truss segment; γi is the angular 
displacement of the chord of the ith truss segment; more 
specifically from Fig. 13, γi,1 is the angular displacement of 
the lower chord, and γi,2 is the angular displacement of the 
upper chord. Considering αt is infinitesimal:

There is:

By monotonicity and continuity of the trigonometric 
function, the conclusion can be drawn:

As a result, the chords are approximately parallel. Thus, 
we have:

where �i,t is the angular displacement of the vertical mem-
bers of the ith truss segment, and �i is the curvature of the 
ith truss segment. The proportional relationship between the 
center axial deformation and the chord axial deformation is:

(17)�i =
�tli

2
.

(18)� =
li ± �i

li
= 1 ±

�t

2
,

(19)

{
cos

(
�i − �i

)
=

m2
i
+�2l2

i
−h2

i

2�mili

l2
i
+ h2

i
= m2

i

,

(20)cos
(
�i − �i

)
=
(
� +

1

�

) li

2mi

=
1

2

(
� +

1

�

)
cos�i,

(21)

cos
(
�i − �i,1

)
− cos

(
�i − �i,2

)
=

1

2

(
�t −

4�t

4 − �2t2

)
cos�i ≈ 0.

(22)cos
(
�i − �i,1

)
≈ cos

(
�i − �i,2

)
.

(23)�i,1 ≈ �i,2.

(24)

⎧⎪⎨⎪⎩

�i,t =
2�i

hi

�i =
�i,t

li
=

�t

hi

,

Fig. 12   Illustration of temperature gradient equivalence

li

i,t

m
i

Fig. 13   The ith truss segment displacement due to Part 2 temperature 
gradient
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where Li, lower, T,t is the lower chord deformation induced by 
T and t. Utilizing Eq. (16) and Eq. (25), Li, lower, T,t can be 
obtained by:

Second, while the vertical boundary conditions are con-
sidered, the effect of part 2 temperature gradient (Fig. 12) 

(25)
Li,lower,T ,t

Li,center,T ,t
=

1

�
−

hi

2

1

�

,

(26)Li,lower,T ,t =
(
1 + �T +

�t

2

)(
1 −

�t

2

)
li.

is equal to the bending moment Mi,t loading on the ith truss 
segment, which induces a constraint reaction of the inde-
terminate structure. The lower chord deformation induced 
by the constraint reaction is expressed by:

where Rt is the constraint reaction vector of the highly inde-
terminate structure induced by Mi,t; Li, lower, R,t is the lower 
chord axial deformation induced by Rt; Ni, lower, R,t is the 
lower chord axial force induced by Rt.

(27)Li,lower,R,t =
Ni,lower,R,t

EAi

∝ Rt ∝ Mi,t ∝ t,

Fig. 14   Truss girder vertical 
displacement due to Tm: a right 
triangle deformation; b Warren 
truss deformation; c Pratt truss 
deformation

(a) Right triangle deformation

y i i

li

li

m
i

m
i

y 1
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y 3
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(b) Warren truss deformation

(c) Pratt truss deformation
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4.2 � Calculation of BLD induced by Tm

The right triangle can describe the truss displacement 
induced by Tm (Fig. 14a). Given that the temperature of the 
web member changes, the Warren truss has a small verti-
cal displacement globally (Fig. 14b); nevertheless, the Pratt 
truss exhibits displacement accumulation in the vertical 
direction (Fig. 14c).

The length of the web members becomes λ times due to 
Tm:

According to the cosine law:

where βi is the angle displacement of the lower chord, 
expressed by:

The vertical displacement yi is given by:

Because αTm is infinitesimal, α2Tm
2 is omitted as the 

higher-order terms:

� = 1 + �Tm.
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From Fig. 14c, the vertical displacement cumulant of the 
Pratt truss can be expressed by:

where n is the number of truss segments. While the bound-
ary conditions are introduced, the constraint reaction is 
given by:

where FTm is the vector of the constraint reaction; K is the 
stiffness matrix of structure; Y is the vector of the vertical 
displacement at constraint position; x is the position vec-
tor of the constraint. The proportional relationship can be 
obtained by:

where Li, lower, R, Tm is the lower chord deformation induced 
by Tm; Ni, lower, R, Tm is the lower chord axial force induced 
by FTm.

The temperature-induced BLD comprises three parts:

A concise form is proposed:

(33)Yn =
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hi
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where L is the original length of the lower chord; Q(t), R(t), 
and S(Tm) are functions of an independent variable. Com-
pared with the Pratt truss, the Warren truss can ignore the 
effect induced by Tm because of the little accumulation of 
the vertical displacement.

5 � Field validation and application

Figure 15 shows the BLD 1 ~ 2 data sequence of the truss 
bridge shown in Fig. 1. As shown, the trend in each BLD 
is synchronous and similar. Comparing Fig. 8 with Fig. 15, 
bearing 2 has significant hysteretic frictional characteristics, 
yet bearing 1 does not.

The friction direction of bearing 3 is switched frequently 
because of train passing (Fig. 6), so it is indescribable to 
bearing 3 friction. The friction effect of bearing 3 is treated 
as noise, while BLD 1 and BLD 2 are studied. Equation (38) 
is the equivalent of Eq. (13):

where Δfi is twice the maximum static friction in Eq. (38), 
and ΔLf,i is the hysteresis parameter, where the subscript 
i represents the bearing number. Δmn ∈ ℝ2×2. About three 
cloudy days of continuous monitoring data are employed to 
validate hysteretic frictional characteristics when the truss 
temperature gradient is weak and stable, and the lower chord 
temperature (the mean of G1 and G2 shown in Figs. 1 and 
2) is proportional to the temperature-induced BLD. From 
Fig. 16a, the entire process can be divided into six processes.

For BLD 1:
Process 1: Maximum NBF state.
Process 2: Maximum NBF state.
Process 3: Maximum PBF state.
Process 4: Maximum PBF state.
Process 5: Maximum PBF state.
Process 6: Maximum NBF state.
For BLD 2:
Process 1: PBF state switches to NBF state,
Process 2: Maximum NBF state,
Process 3: Dead zone, NBF state switches to PBF state,
Process 4: Maximum PBF state,
Process 5: Dead zone, PBF state switches to NBF state,
Process 6: Maximum NBF state,
In processes 2 and 3 of BLD 1 (Fig. 16b), a weak dead 

zone indicates ΔLf,1 may be negative or close to zero. Only 
BLD 2 represents a clear hysteresis loop (Fig. 16c).

While considering the temperature gradient, 20 sunny 
days of continuous monitoring data, including the tempera-
ture and BLD, were employed to assess the bearing working 
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performance. The temperature of the web member was made 
approximately equal to the temperature of the upper chord 
given the approximately same solar radiation. The tempera-
ture variables are listed in Table 1, where G1–G4 correspond 
to the monitoring data of the temperature sensors (Fig. 2).

For the process shown in Fig. 10, the data of the maxi-
mum PBF state and maximum NBF state are selected from 
the monitoring data. We used a convenient method to cal-
culate the parameters.

Controlling the change in t by 0.5 ℃ at each stage, the 
linear characteristic of the partial correlation between 
BLD and T is solved to determine [1 + Qi(t)]αLi. The 
Ri(t) + Si(t) + Bi ± ΔLf,i/2 named residual item can be 
obtained by Eq. (39):

where yP,i is the BLD i in the maximum PBF state; yN,i is 
the BLD i in the maximum NBF state; Bi is the initial value 
of BLD i. The step value of the fitting curve is equal to 
the parameter ΔLf,i, where ΔLf,1 =  − 0.2 mm (Fig. 17c), 
ΔLf,2 = 3.0 mm (Fig. 17d). Figure 18 shows the error of the 
regression model. The parameter ΔLf,2 indicates that bearing 
2 has a significant friction hysteresis. The parameters can 
be calculated in the same manner after bearing degradation 
(Fig. 10). Based on the evaluation index (Ei) obtained from 

(39)
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Table 1   Temperature variable 
of monitor data

Variable T t Tm = t

Values (G1 + G2)/2 (G1 + G2)/2 − (G3 + G4)/2 (G1 + G2)/2 − (G3 + G4)/2
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Eq. (15), the variation in the maximum bearing friction can 
be identified. The evaluation index is proportional to the 
bearing friction. Further, the bearing friction can be obtained 
from the parameters when the structural stiffness is known.

6 � Conclusions and discussions

This paper proposed an assessment method for the performance 
of multispan continuous truss bridge bearings. The evaluation 
index of the BLD based on a friction hysteresis model could 

reflect the variation in the bearing friction, thus realizing the 
evaluation of the bearing performance. When a beam is sub-
jected to periodic temperature loads with sufficient fluctua-
tion, the continuous maximum NBF state and maximum NBF 
state data sequence could be observed. Based on the short-term 
monitoring data of the actual truss arch bridge considering the 
temperature gradient, the temperature-induced BLD calculation 
formula deduced in this study was verified. It is recommended to 
use the evaluation index to reflect the degradation in the bearing 
performance based on long-term monitoring data.

However, the following three aspects require further 
studies:

1.	 BLD 1 is affected by the bearing friction; however, it 
does not reflect the evident friction hysteresis charac-
teristics like BLD 2 in Fig. 16. The effect of bearing 2 
friction may counteract the effect of bearing 1 friction on 
BLD 1 because the bearing friction is eccentric, which 
needs to be verified.

2.	 In fact, the supporting pier or rubber bearing as a flexible 
body may produce significant horizontal deformation 
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when subjected to bearing friction. Theoretically, a flex-
ible body can be treated as a spring connected in series 
at the end of the beam [18]; however, the feasibility of 
the method requires more in-depth research in this case.

3.	 The train longitudinal force may break the BLD motion 
path of the friction hysteresis model. The analysis model 
is proposed in Fig. 19:

In Fig. 19, F represents the train longitudinal force, which 
is opposite to the train driving direction. While the train runs 
over the bridge, the beam undergoes spring force, bearing 
friction (f), and train longitudinal force (F) in the longitudi-
nal direction. The train longitudinal force may change BLD 
(y); this can in turn change the bearing friction. Figure 20 
represents the effect of the train briefly. Path 1–2, path 4–5, 
and path 6–7 are induced by train, and path 2–3, path 5–6 
fall into the dead zone. While the train-induced BLD, such 
as path 1–2, path 4–5, and path 6–7 in Fig. 20, occurs fre-
quently, the path friction hysteresis model of BLD is broken 
by train longitudinal force, and the maximum NBF state 
and maximum PBF state of the bearing cannot be captured 
easily. Consequently, the continuous maximum NBF state 
and the maximum NBF state data sequence are indistinct in 
the time domain. In this case, it is impossible to establish a 
relationship between the temperature, BLD, and maximum 
bearing friction without the longitudinal force of the train; 
therefore, the friction hysteresis model cannot be used to 
evaluate the bearing working performance. Considering the 
impact of trains, the evaluation of the bearing needs further 
research.
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