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1. Introduction

Well bearing working performance (BWP) contributes to improving

the longitudinal deformation capacity of bridge, which facilitates 

bridges to accommodate external adverse impact (e.g., earthquake, 

vehicle loads, extreme temperature). Owing to the repetitive 

impacts of vehicle loads and periodic variation of temperature, 

the degradation of BWP has been increasingly observed (Lima 

and Brito, 2009; Brownjohn et al., 2015; Yarnold et al., 2015; 

Guo et al., 2016; Sun and Zhang, 2016). The degradation of 

BWP (e.g., the increase of maximum bearing friction) weakens 

the longitudinal deformation capacity of bridge. Therefore, keeping 

track of BWP is an urgent requirement for bridge maintenance.

Bridge condition can be evaluated by the structural health 

monitoring system during bridge operation (Ni et al., 2007; Li et 

al., 2022; Liang et al., 2022). The temperature-displacement 

relationship model (TDRM) was used for detecting the degradation

of BWP (Murphy and Yarnold, 2018; Han et al., 2021a), whose 

feasibility has been demonstrated in various types of bridges, 

such as arch bridges (Yarnold et al., 2015), cable stayed bridges 

(Huang et al., 2018; Ni et al., 2020; Chen et al., 2021), continuous

bridges (Wang et al., 2015; Murphy and Yarnold, 2018; Alexander 

and Yarnold, 2020; Garcia-Sanchez et al., 2020; Wu et al., 2021; 

Han et al., 2021b) and suspension bridge (Xia et al., 2020). Data-

driven techniques, such as multiple linear regression (Wang et 

al., 2015), canonical correlation analysis (Huang et al., 2018), 

support vector machine (Chen et al., 2021), principal component 

analysis (Garcia-Sanchez et al., 2020), Bayesian estimation (Ni 

et al., 2020), were applied to anomaly detection of BWP. In 

summary, TDRM is a widely accepted tool for BWP assessment 

using field monitoring data. Among those researches, the effect of 

bearing friction on bearing longitudinal displacement (BLD) has 

received increasing interest (Yarnold and Moon, 2015; Yarnold 

et al., 2015; Garcia-Sanchez et al., 2020; Han et al., 2021b), 

showing that maximum bearing friction is a critical parameter of 

BWP, which can be recognized by TDRM.

There is a nonlinear hysteresis relationship between BLD and 

bearing friction (Filipov et al., 2013; Yue et al., 2017; Jia et al., 
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2018; Quaglini et al., 2018; Wen et al., 2019). Obviously, The 

maximum bearing friction can be identified by TDRM when 

BLD is induced by temperature only. However, the moving 

trains can induce longitudinal internal forces in the girder also, 

which can induce BLD in a way. Srinivas (Srinivas et al., 2013) 

carried out an experimental investigation, which indicated that the 

tractive effort of trains can change the longitudinal internal forces of 

girder. Liu et al. (2019) established a track−bridge−pier−foundation 

model, adopting the nonlinear spring element to simulate the 

sliding bearings. The research showed that the trains longitudinal 

effect caused the variation of bearing friction and BLD. Han 

(Han et al., 2021b) confirmed that moving trains can induce BLD 

variation through monitoring data of a railway bridge. 

Because of the nonlinear hysteresis relationship between BLD 

and bearing friction, both vehicle-induced BLD and temperature-

induce BLD have effect on bearing friction. Consequently, BWP 

assessment using TDRM is controversial when the BLD is 

significantly affected by trains longitudinal effects. Nonetheless, 

some researches (Wang et al., 2015; Wu et al., 2021) treated vehicle-

induced BLD as invalid information. In this study, a hysteresis 

model of BLD under vehicle longitudinal effect was presented in 

this paper, and a novel approach for a railway bridge BWP 

assessment is proposed using alternating vehicle longitudinal 

excitation. The rest of the paper is organized as follows. First, a 

hysteresis model of BLD was presented by introducing bearing 

friction and vehicle longitudinal effect. Secondly, the approach 

for BWP assessment and corresponding evaluation index were 

proposed based on the hysteresis model. Thirdly, the hysteresis 

model was verified by field monitoring data. The approach was 

applied to a real-world bridge. Finally, some suggestions on 

BWP assessment were presented for further research.

2. BLD Response under Vehicle Longitudinal Force 

The nomenclature for Figs. 1, 2, Eq. (1) was shown in Table 1. 

Fig. 1. Caculation Illstration for BLD 

Fig. 2. BLD Computational Model Introducing Temperature, Friction and VLF: (a) Initial State, (b) VLF Loading State, (c) VLF Unloading State, (d) Slip Zone 
and Stick Zone Without VLF
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The longitudinal load on the beam induced by moving vehicle is 

defined as vehicle longitudinal force (VLF). The BLD (y) is 

affected by ΔT, f, and F, shown in Fig. 1. Consequently, BLD (y) 

is made up of temperature-induced BLD (yT), friction-induced 

BLD (yf) and VLF-induced BLD (yF) under quasi-static process. 

The variation of BLD was decomposed into three stages: initial 

state (Fig. 2(a)), VLF loading state (Fig. 2(b)), and VLF unloading

state (Fig. 2(c)). The relationship between variates can be expressed 

as Eq. (1).

(1)

where α is the expansion coefficient; μ is the friction coefficient. 

The bearing friction displayed a nonlinear stick-slip displacement

mechanism without VLF: stick zone (static friction) and slip 

zone (dynamic friction) (Fig. 2(d)) (Yarnold and Moon, 2015; 

Yarnold et al., 2015; Alexander and Yarnold, 2020; Han et al., 

2021b). VLF is loaded on the beam longitudinally when vehicles 

pass through bridge (Fig. 2(b)). After VLF is removed as a 

shortlived load (Fig. 2(c)), the temperature hardly changes at all, 

and the bearing stays in the stick zone (i.e., static friction). Thus, 

the BLD variation yV (Figs. 2(a), 2(c)) is expressed as 

(2)

According to Eq. (2), yV is the result of bearing friction variation

after vehicle pass through bridge. Therefore, when the BLD 

variation occurs after vehicle passes the bridge, the vehicle effect 

must be considered for identifying fmax. In this case, the formula 

for BLD was established introducing yF and fmax, expressed as 

Eq. (3).
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Table 1. Nomenclature for Figs. 1, 2 and Eq. (1)

No. Name Physical meanings

1 ΔT = Temperature variation of the beam

2 L = The original length of the beam

3 y = BLD

4 F = Vehicle longitudinal force (VLF)

5 f = The bearing friction

6 M = The mass of the beam assigned to the bearing

7 KB = Longitudinal stiffness of beam

8 KP = Longitudinal stiffness of pier top 

9 K = Series stiffness of beam and pier, i.e., KB KP /( KB + KP)

10 f1 = The bearing friction in initial state

11 f2 = The bearing friction in VLF loading state

12 f3 = The bearing friction in VLF unloading state

13 fmax = The maximum bearing friction, i.e. dynamic friction.

14 y1 = BLD in initial state

15 y2 = BLD in VLF loading state

16 y3 = BLD in VLF unloading state

17 yT = Temperature-induced BLD

18 yF = VLF-induced BLD

19 yf = Restrained BLD by friction

20 y f,i (i=1,2,3) = Restrained BLD by fi (i=1,2,3)

21 yV = The BLD variation after vehicle passes through the bridge

Fig. 3. The Hysteresis Model: (a) Case1 Input–Output, (b) Hysteresis Model, (c) Case2 Input–Output
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 (3)

Further, the Eq. (3) can be represented by a hysteresis model 

shown in Fig. 3(b). For instance, setting the initial value of y is 

zero, two cases of input–out signal were shown in Figs. 3(a) and 

3(c), where yF,max is the maximum strength of input signal (yF). 

When the |yF,max| is less than fmax/K, the output signal (y) is zero 

always, which was not necessary to be shown.

3. Evaluation Index Based on Alternating Vehicle 
Longitudinal Excitation

3.1 The Relationship between yV and fmax 

In this section, an evaluation index was proposed for identifying 

fmax using alternating vehicle longitudinal excitation. First, we 

discussed the BLD (y) according to two cases, shown in Fig. 4.

Case 1: |yF,max| ∈ (2fmax/K,+∞).

The maximum BLD is greater than fmax/K (Figs. 4(a), 4(c)) 

when VLF loads. After the VLF unloads, only fmax acts on the 

girder, and the spring internal force must be released to balance 

fmax. Consequently, the bearing slides to the closest boundary of 

the stick zone (Figs. 4(b), 4(d)), so y can be calculated as follows 

(4)

Case 2: |yF,max| ∈ (fmax/K, 2fmax/K]. The maximum BLD is less    

than fmax/K when VLF loads (Figs. 4(a), 4(c)). BLD remains static 

after the VLF unloads (Figs. 4(b), 4(d)); y can be calculated as 

follows

(5)

According to Eqs. (4) and (5), after VLF unloads, y can be 

determined by the yF,max and fmax/K only. In addition, yV is the 

difference between the initial value and the final value of y. 

Consequently, both previous vehicle effect and current vehicle 

effect should be analyzed. Assume that |yF,max| is constant. Four 

vehicle driving cases and friction conversion were shown in Fig. 5.

Four vehicle driving cases were defined as follow.
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Fig. 4. BLD Response Under VLF: (a) The Positive VLF Loads, (b) The Positive VLF Unloads, (c) The Negative VLF Loads, (d) The Negative VLF 
Unloads



KSCE Journal of Civil Engineering 4741

         
Case A: both driving direction of previous vehicle and driving 

direction of current vehicle are positive.

Case B: driving direction of previous vehicle is positive, 

driving direction of current vehicle is negative.

Case C: driving direction of previous vehicle is negative, 

driving direction of current vehicle is positive.

Case D: both driving direction of previous vehicle and driving 

direction of current vehicle are negative.

Case A and case D are repetitive excitation, while case B and 

case C are alternating excitation. Based on the hysteresis model 

(Fig. 5), yV is zero under case A and case D. In contrast, yV arises 

under case B and case C, expressed by Eq. (6), where YV is the 

oscillation range of BLD under case B and case C. Thus, fmax can 

be determined from oscillation range (YV) induced by case B and 

case C. In this study, the excitation of two adjacent vehicles 

driving in opposite directions (case B and case C) is defined as 

“alternating VLF”.

(6)

3.2 Probabilistic Evaluation Index 

Considering yF,max is a random variable, we defined Π as 

 (7)

The probability of Π is defined as PΠ(Π), and probability 

density of Π is defined as pΠ(Π). Assume that PΠ(Π) is independent 

of the direction of F. In view of the situation of alternating VLF, 

two variables are defined: Πa is induced by the previous passing 

vehicle, and Πb is induced by the current passing vehicle, Πa and 

Πb are in opposite directions. The event wherein both |Πa| and 

|Πb| are greater than 2fmax is defined as Θ, and the probability of Θ 

is expressed as follows 

 (8)

 is a complementary set of Θ, and there are three categories 

of , as follows

(1) 1: |Πa| ∈ (2fmax, +∞) , |Πb| ∈ (fmax, 2fmax].

(2) 2: |Πa| ∈ (fmax, 2fmax], |Πb| ∈ (2fmax, +∞).

(3) 3: |Πa| ∈ (fmax, 2fmax] , |Πb| ∈ (fmax, 2fmax].

The probability of 1 and 2  are as follows 

(9)

The probability of  is as follows 

(10)

Based on the Bayesian formula, the probability density of YV 

is expressed as follows 

(11)

Define the event X as the fmax increasing by x (x > 0). The 

prior information is that the BWP degraded as long as bearing 

entry into service; thus, the probability of event X is expressed as 

Eq. (12) while bearings are on service.

 (12)

pY (YV, X) is the joint probability density of YV and event X, 

expressed as

(13)

According to Eq. (6), three cases need to be discussed: (1) 

Case I: |Π| ∈ [2fmax, +∞); (2) Case II: |Π| ∈ ( fmax, 2fmax); (3) Case    

III: |Π| ∈ ( fmax, +∞). 

(1) Case I: |Π| ∈ [2fmax, +∞).

It is assumed that the probability density pY(YV) caused by 

event Θ satisfies the normal distribution, as follows 

(14)

The probability of event Θ is expressed as follows

(15)

Combining Eqs. (14) and (15), the following relationship can 

be obtained. 
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Fig. 5. Vehicle Driving Cases and Friction Conversion (the head of the 
black arrow line represents the current driving direction of the 
vehicle; the end of the black arrow line represents the previous 
driving direction of the vehicle; the red arrow represents the 
friction conversion)
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(16)

According to Eq. (6), the YV of the BLD will increase by 2x/K

after event X occurs; thus, the pY (YV, X) is expressed as follows 

 (17)

Therefore, the expectation of the normal distribution can be 

used to identify x (i.e., the variation of fmax) according to Eqs. 

(12), (16), (17), shown in Eq. (18).

 (18)

(2) Case II: |Π| ∈ (fmax, 2fmax).

In this case, P( ) is equal to 1 as follows

 (19)

Define pΠ(Πa, Πb) is the joint probability density distribution 

of alternating VLF, and pY(YV, |Πa, Πb) obeys the normal 

distribution, as follows

 (20)

where pY(YV, , Πa, Πb) is expressed as follows

(21)

pY(YV, ) is expressed as follows

 (22)

When X occurs, the probability density of pY(YV, , Πa,

Πb|X) can be expressed as follows

 (23)

According to Eq. (6), the probability density of pY(YV, |Πa,

Πb,X) is the result of pY(YV, |Πa, Πb) shifted by -2x/K on the YV

coordinate axis as follows 

(24)

py(YV, , X) is expressed as follows

(25)

According to Eqs. (20), (22), (24), and (25):

 (26)

The x can be represented by the absolute difference of the 

E(YV, , X) and E(YV, ).

(3) Case III: |Π| ∈ ( fmax, +∞).

According to Eq. (11), pY(YV) can be described by the one-fold 

normal distribution function and three other distribution functions at 

most, and pY(YV |Θ) is expressed as follows 

 (27)

In Eq. (27), P(Θ) can be considered as the weight of the one–

fold normal distribution. The x can be represented by the probability 

density weight of event Θ, which decreases as fmax increases, 

shown in Eq. (28).

(28)

In summary, the statistical characteristic of YV can represent the 

fmax of bearing. It is necessary to point out that the E(YV) can describe 

the BWP when pY(YV) fits one-dimensional normal distribution.

4. Application to BWP Assessment

4.1 Flowchart
Step1: Analyze BLD response under four vehicle driving case.

Step2: Extract the BLD variation under case B and case C.

Step3: Acquire the evaluation index.

4.2 Response of BLD under Vehicle Longitudinal Effect
The continuous steel truss railway bridge with a span arrangement 

of (108 + 192 + 336 + 336 + 192 + 108) m was shown in Fig. 6. 

Except fixed joint 4, the remaining six bearings are longitudinal 

spherical steel bearings. The PTFE sliding plate is the sliding part of 

the bearings. Each bearing was equipped with a displacement 

transducer, which measured the BLD with a sampling frequency 

of 1 Hz. Vehicle traffic sensors were installed onto the bridge 

deck to record vehicles driving direction. Because the bridge is a 

symmetrical structure, this study analyzed the half structure 

response on the Beijing side only.

Figure 7 Showed the response of BLD 1 – 3 (bearing 1 – 3 

longitudinal displacement) at different time scales. Two pieces of 
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Fig. 6. The Layout of Sensors on Continuous Truss Bridge (unit: m)
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information can be obtained as follow :

1. In the 480h and 24h monitoring data, BLD 1–2 were 

relatively smooth, indicating BLD 1 and BLD 2 were not 

affected by vehicle. However, BLD 3 exhibited an obvious 

oscillation, which indicated that BLD 3 was affected by 

other factors significantly besides temperature.

2. In 15:00 – 17:00 of one day, the oscillation of BLD 3 and 

vehicle driving signal indicated that the BLD3 was affected 

by VLF significantly. Moreover, after the vehicle passed 

through the bridge, BLD 3 could not be restored, which 

implied that the bearing friction changed after the vehicle 

passed through bridge. 

Figure 8 shows 24 h monitoring data of BLD 3. The vehicle 

driving cases can be recognized by the vehicle traffic sensors 

installed on the deck, and the classification of vehicle driving 

cases is presented in Table 2. 

The details of BLD 3 during 12:40 – 13:40 are shown in Fig. 8

without vehicles meeting on the bridge. The oscillation of BLD 3 was 

induced by case B and case C, and restoration of BLD 3 was induced 

by case A and case B. The BLD variation was consistent with Fig. 5. 

Consequently, the vehicle longitudinal effect must be considered 

when BWP of bearing 3 is evaluated by BLD monitoring data. 

4.3 Signal Extraction and Acquire Evaluation Index

The 20-day BLD monitoring data were offered (Fig. 7). To weaken 

the the influence of temperature on BLD, the time window with slow 

temperature variation everyday was selected (Fig. 9). In the period, 

the alternating vehicle longitudinal excitation can be regarded as an 

isothermal process. According to the train traffic information 

reconded by vehicle traffic sensors, the response of BLD 3 induced 

by case B and case C can be extracted in the time domain. Fig. 10

shows the probability density of the evaluation index using the 

normal distribution, and Fig. 11 shows quantile-quantile(Q-Q) plot 

for normal distribution test. E (YV) can be obtained as follows

(29)

With the degradation of the BWP, there would be an extreme 

( )
2.17 2.06

2.12 mm
2

V
E Y

+ −

= =

Fig. 7. Response of BLD on Different Time Scales

Fig. 8. Response of BLD 3 Under Different Vehicle Driving Cases

Table 2. Classification of Vehicle Driving Cases

Vehicle driving direction

Current driving direction

Shanghai To 

Beijing

Beijing To 

Shanghai 

Previous driving

direction

Shanghai to Beijing A B

Beijing to Shanghai C D

Fig. 9. Select Data Subset to Eliminate Temperature Effect
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event that YV drops to zero, indicating that fmax is greater than Π, 

so bearing 3 should be repaired in time. The result can guide the 

maintenance of bearings in future.

5. Conclusions

This paper proposed a hysteresis model for VLF-induced BLD 

(yF) and BLD (y), and a novel approach for BWP assessment was 

applied to a real-world bridge using alternating vehicle longitudinal 

excitation. According to the hysteresis model, the alternating 

VLF changes the bearing friction when |yF,max| is greater than fmax/

K. In this case, fmax can be represented by BLD induced by 

alternating VLF in some ways. In addition, some suggestions 

were given to help the BWP assessment research in future:

1. Essentially, BWP can be evaluated by the hysteresis model 

composed of bearing friction and BLD. Both temperature 

and vehicle can affect the BLD in railway bridge; thus, on 

one hand, BWP assessment using TDRM is credible only if 

the vehicle effect is negligible. On the other hand, the BWP 

assessment using alternating vehicle longitudinal excitation 

is feasible when temperature effect can be suppressed.

2. Highway bridges are more flexible than railway bridges, 

and vehicles load has significant effects on longitudinal 

displacement. The high-frequency excitation of vehicle 

may change the expansion joint friction frequently. Therefore, 

the dependability of TDRM for expansion joint assessment 

needs to be confirmed in highway bridges when longitudinal

displacement induced by vehicle is significant.
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