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ARTICLE INFO ABSTRACT
Keywords: Structural health monitoring (SHM) system provides valuable information for the fatigue
Rail-cum-road bridge assessment of existing rail-cum-road bridges. This paper aims to develop an effective fatigue

Structural health monitoring
Finite element modelling
Model updating

Fatigue assessment

assessment approach for the rail-cum-road bridge, Jiujiang Yangtze River Bridge, by utilising the
SHM data, focusing on dynamic modal analysis, finite element model updating and fatigue
assessment. First, the traffic load spectrum and modal characteristics of the bridge are investi-
gated from the SHM data. A three-dimensional finite element model is constructed and then
updated by using the measured modal data through the proposed regularised model updating
method. Then, the updated numerical model is verified with the measured dynamic response
data, which can be utilised for calculating stress response at critical structural components of the
rail-cum-road bridge. Finally, an improved Corten-Dolan’s model is proposed to analyse the fa-
tigue damage and structural reliability of the critical structural components of the bridge, taking
into account the combined effects of train and highway vehicle loads. The results demonstrate
that the proposed fatigue assessment method provides more reliable results for the rail-cum-road
bridge by considering the combined effect of multi-level traffic loads and the non-linear fatigue
damage accumulation. It is concluded that the short H-shaped suspender is identified as the most
vulnerable structural member of the rail-cum-road bridge, and the remaining fatigue service life
of the typical components of the bridge should meet the design requirement.

1. Introduction

Rail-cum-road bridges play a crucial role in regional highway and railway transportation links. During the life time service, the
bridges are usually subjected to various adverse factors, such as earthquakes, typhoons, corrosion, fatigue, overloading, material
ageing, etc. These factors may cause unavoidable structural damage and performance deterioration, leading to safety and durability
problems during the service of the bridges [1]. Therefore, a Structural Health Monitoring (SHM) system is necessary to analyse the
real-time performance of the rail-cum-road bridge to ensure safe operation [2].

The SHM system provides valuable information for structural performance assessment and maintenance strategy decision-making.
The SHM systems have been widely used on long-span bridges in China [3], such as Tsing Ma Bridge [4], Tongling Yangtze River
Bridge and Dashengguan Yangtze River Bridge [5]. The SHM data, such as traffic volume, displacements, strain and accelerations, can
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be adopted for structural performance analyses, fatigue evaluation and operational modal analyses [6]. From operational modal
analyses, the modal properties, such as natural frequencies and mode shapes, can be utilised for updating the associated finite element
model.

In general, the finite element model can be constructed based on the design information of the actually built bridge. However,
significant discrepancies in structural response and modal parameters may occur between the simulation results and measured results
[7]. Recently, many studies on finite element model updating have been undertaken by using measured modal data, such as sensitivity
analyses method [8], dynamic perturbation method [9-13] and Bayesian updating method [14,15]. There is still a challenge for
updating large-scale complex structures, such as the rail-cum-road bridges, by using the limited information available on the measured
modal data. Furthermore, limited studies are available on how the measured structural response under traffic load, such as stress and
deflection, are adopted to verify the predictions of the updated numerical model.

For the existing rail-cum-road bridge, fatigue failure often occurs under long-term overload traffic during its service lifetime. Based
on the finite element model and SHM data, the fatigue damage of the bridge and its structural components can be analysed and
predicted [16]. In the fatigue damage analysis of the rail-cum-road bridge, the highway vehicle loads are often neglected [17-19].
Moreover, the accurate construction of the finite element model is challenging, which can also affects the accuracy of structural
performance assessment [20,21]. In the structural performance evaluation, the S-N curves such as the Miner’s model have been widely
used for the bridge fatigue assessment due to the logical relation between stress state and load cycles [22,23], e.g. in bridge structural
analysis and designs [24-26]. However, the Miner’s model ignores the non-linear characteristics of fatigue damage accumulation and
multi-level loading sequence, which may cause considerable errors in fatigue assessment. The Corten-Dolan’s model is a useful
non-linear fatigue damage cumulative model, which has been widely used in mechanical and aerospace engineering [27]. In-
vestigations have shown that the key exponent parameter in the Corten-Dolan’s model depends on many factors, such as material
properties and non-linear loading conditions [28], and should be appropriately selected to obtain reasonable prediction results.
Recently, studies have been undertaken to modify the exponent parameter [29,30]. However, the Corten-Dolan’s model may not be
appropriate for applying directly to the rail-cum-road bridge fatigue assessment.

This paper provides an effective fatigue assessment approach for the rail-cum-road bridge based on the SHM data. A three-
dimensional finite element model of the rail-cum-road bridge is constructed and then verified by using the proposed regularised
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Fig. 1. The rail-cum-road Jiujiang Yangtze River Bridge: (a) photograph of the bridge; (b) cross-section of bridge decks.
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model updating method, based on the identified modal parameters from the vibration data. From the train-bridge coupling analyses,
the stress responses of the critical structural components are obtained from the updated numerical model. Finally, an improved Corten-
Dolan’s model is proposed for bridge fatigue analyses, by considering the coupling effect of the multi-level traffic loads and the
nonlinear accumulation of fatigue damage.

2. Bridge characteristics and SHM system
2.1. Bridge description

The construction of the Jiujiang Yangtze River Bridge started in 1973, and it was opened for services in 1993. The rail-cum-road
bridge is a steel truss beam and flexible arch bridge for the combined highway and railway transportation, and is located at the
boundary of Jiangxi and Hubei provinces in the central region of China. The bridge serves as a crucial transportation node across the
Yangtze River, linking the Beijing-Kowloon railway and National Highway G105. The rail-cum-road bridge has a total length of
4,460 m for the highway and 7,675 m for the railway, respectively. The main bridge consists of 3 continuous steel arches with a total
span of 576 m (180 m+216 m +180 m), as shown in Fig. 1. The bridge serves a four-lane highway on the upper deck, and a double-
track railway on the lower open deck with a design speed of 60 km/h.

The rail-cum-road bridge has been in service for over 30 years, and the bridge has unavoidably suffered from damage and defects,
as illustrated in Fig. 2, due to environmental and load effects, such as temperature, humidity, highway and railway traffic loads.
Meanwhile, the bridge has been repaired and restrengthened several times during the service life, and the SHM system was deployed
for real-time monitoring to ensure bridge safety operation.

2.2. SHM system

In order to optimise sensor arrangements, the structural failure risk analyses and numerical simulations of the bridge were carried
out. From the structural vulnerability analyses, the physical parameters for real-time monitoring were determined, including envi-
ronmental factors (e.g. temperature and humidity), loading conditions (e.g. traffic load and wind load), structural response (e.g.
displacement, strain and acceleration), and structural variations (e.g. prestress in bolts).

Based on the bridge geometric characteristics and structural analyses, a total of 263 sensors of various functions were installed on
the Jiujiang Yangtze River Bridge. Fig. 3 shows the deployment of sensors placed on the rail-cum-road bridge. The locations for placing
these sensors are chosen at the representative points by considering the existing structural damage and the critical locations predicted
by finite element analyses.

3. Monitored data analyses
3.1. Highway traffic load spectrum

Based on the Weigh-in-Motion (WIM) system, the recorded data of vehicle overload and overspeed can be used for traffic man-
agement. From the statistical analysis results of the vehicles proportion with different axle numbers, the proportion of two-axle ve-
hicles is 79.94 %, and the proportion of three-axle vehicles, four-axle vehicles, five-axle vehicles, and six-axle vehicles have values of
2.46 %, 2.12 %, 0.28 %, and 15.2 %, respectively.

Fig. 4 shows the statistical analyses results of traffic flow and vehicle weight distribution with various numbers of axles in year
2022. In Fig. 4(a), the traffic volume statistics show apparent fluctuations. The average monthly traffic volume typically exceeds
600,000 vehicles, and the upstream traffic volume is usually higher than the downstream. Fig. 4(b) provides the results for the his-
togram of vehicle weight with different axle numbers. The results indicate that vehicles with fewer axles have a much higher

(a) (b)

Fig. 2. Damage in bridge structural components: (a) bolt fracture; (b) fatigue crack; (c) coating spalling.
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Fig. 3. Instrumentation layout of sensory system for Jiujiang Yangtze River Bridge.
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Fig. 4. Traffic statistics in year 2022: (a) traffic flow statistics; (b) vehicle weight (> 3 t only) distributions for different vehicle axle numbers.

proportion of lightweight vehicles, the vehicle weight increases with the number of vehicle axles, and the six-axle vehicles have an

overload ratio of 39.2 %.

The probability distribution of traffic characteristics, such as vehicle weight and axle weight, can be modelled by the Gaussian

distribution, expressed here as
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~2
20;

M 2
P= Zﬂiexp{(x_ui)} (€D)]
=1
where x represents the fitting parameter, such as vehicle weight and axle load; 4; is the ith (i = 1, M) weight coefficient; M is the
number of the components of the Gaussian distributions; u; is the mean value; and ; is the standard deviation of the ith distribution
model. The histograms of the vehicle weight and axle load of six-axle vehicles can be fitted with the Gaussian distribution given in Eq.
(1), and the multi-peak Gaussian distributions are adopted from the measured traffic data, as shown in Fig. 5.

The representative vehicle load model for fatigue analyses can be obtained based on the statistics of the vehicle weight and axle
load. The Miner’s model assumes that the total fatigue damage caused by traffic loads can be evaluated by the linear damage accu-
mulation, and neglects the load order effect and non-linear cumulative properties of fatigue damage [20]. Based on the linear damage
assumption of the Miner’s model, the frequency spectrum of the vehicle loads can be expressed by the equivalent axle load, as shown as

5 S
Wy = {Zﬁj(sz)m} 2

where B is the axle number of the i-axle vehicle, e.g. B = 6 for six-axle vehicle; Wj; is the weight of the jth axle of the i-axle vehicle; f;; is
the probability of Wy; Wy is the equivalent axle load of the jth axle of the i-axle vehicle; and m is the inverse slope of the S-N curve,
taken as m = 5.

The equivalent axle spacing of the jth axle of the i-axle vehicle is given as

B-1
Ly =) fij 3
i=1

where L;; is the axle spacing of the jth axle of the i-axle vehicle; f; is the probability of Ly; and L; is the equivalent axle spacing of the jth
axle.

Table 1 summarise the representative vehicle fatigue load spectrum. The lightweight vehicles (e.g. gross vehicle weight < 3 t) or
vehicles with lower proportion (e.g. proportion < 1 %) can be ignored in bridge fatigue assessment [24]. Although the proportion of
two-axle vehicles is 79.5 %, these low-weight vehicles of equivalent weight of 12.6 t have little effect on structural fatigue failure. The
proportion of fatigue damage caused by six-axle vehicles and overload vehicles is 98.5 % and 81.1 %, respectively. Thus, the fatigue
damage caused by the overloaded vehicles cannot be ignored. The six-axle vehicles cause more significant fatigue damage than
overload vehicles due to the larger vehicle number, which could be considered as the typical load model for fatigue assessment.

Table 1
Representative vehicle fatigue load spectrum.
Vehicle Vehicle load model, Equivalent weight (t) Vehicle Fatigue damage ratio (%)
type axle load (t), axle spacing (m) ratio (%)
Two-axle 3.8t 8.7t 12.6 79.5 0.76
vehicle —;
T 39m
Three-axle 4.0t 4.5t 7.5t 16.0 2.70 0.09
vehicle a—ug(.s
4.3m
Four-axle 4.7t 5.0t 6.9t 6.6t 23.2 2.30 0.47
vehicle ) o) D0
2.1m 4.8m
Five-axle 5.6t 30.1 0.30 0.22
vehicle 4.7t 7.2t 7.2t 5.5t
T 24m 4.8m o
Six-axle 7.7t 46.4 15.2 98.5
vehicle 6.0t 8.3t 7.6t 8.6t 8.1t
T 32m 13m 5.9m 0.6m 0.6m
Overload 9.4t 55.1 5.30 81.1
vehicle 7.4t 9.7t 9.1t 9.9t 9.6t
(>491) [©) @ Q00
3.3m 1.3m 6.0m
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3.2. Operational modal analyses

Modal parameter identification is an essential part of bridge dynamic performance evaluation. Modal parameters, including natural
frequencies, can be extracted using the measured ambient vibration data. Fig. 6(a) gives the time history of the acceleration measured
by the accelerometer installed at the midspan of the bridge. The natural frequencies of the rail-cum-road bridge can be extracted from
the stabilisation diagram by using the data-driven stochastic subspace identification method [1], as shown in Fig. 6(b). From the
results, the first eight measured natural frequencies of the Jiujiang Yangtze River Bridge range from 0.57 Hz to 1.51 Hz for various
vibration characteristics discussed later in detail.

4. Numerical modelling and model updating

In this paper, a three-dimensional finite element model is adopted to analyse the dynamic behaviour of the rail-cum-road bridge.
From the obtained measured modal data, the difference usually exists between the measured and numerical modal data, indicating
potential modelling errors in the finite element model and measurement uncertainties from the vibration data. Thus, a finite element
model updating procedure is needed to adjust the numerical model by using the measured natural frequencies to improve the cor-
relation between the numerical model and the actual bridge.

4.1. Finite element modelling

Fig. 7 shows the three-dimensional finite element model of the rail-cum-road steel truss arch bridge. In the numerical modelling,
the suspenders are modelled with the tensioned truss elements, and the highway bridge deck and other structural components are
modelled with beam elements. The elastic modulus of the steel is taken as 210 GPa with a Poisson’s ratio of 0.3, and the density of the
steel is 7,850 kg/m°. From the structural characteristics of the bridge, the damping of the bridge is assumed here to be 0.005. The main
structural components of the bridge are connected by high-strength bolts, which can be modelled as hinge connection. The constraints
between the bridge decks and the upper chords of the main truss are modelled by coupled nodes, and the elastic supports are used to
connect the bridge superstructure and foundation. The finite element model has a total number of 44,169 beam elements and 74
tensioned truss elements, with a total number of 4,536 nodes and 10,098 degrees of freedom.

Fig. 8 shows the first six modes obtained from the finite element dynamic analyses. From the results, the fundamental natural
frequency is 0.46 Hz with the lateral bending mode shape at the midspan. The first vertical bending mode is observed at the second
mode with the natural frequency of 0.61 Hz, and the sixth mode has the natural frequency of 1.22 Hz for antisymmetric bending. The
results show that the lateral stiffness of the steel truss arch bridge is much lower than its vertical stiffness. The displacements of the
arches and suspenders exist in each mode, indicating that the arches and suspenders are flexible and vulnerable under substantial
lateral and vertical loads.

4.2. Model updating

The finite element model has uncertainties in structural parameters, such as stiffness and mass, due to the complexity of the actual
bridge, which needs adjustment by using the SHM data. In the model updating process, the updating parameters should be related to
the unknown change of structural parameters, such as differences in stiffness AK and mass AM between the actual bridge and the
associated finite element model.

The dynamic perturbation method provides the exact relationship between the perturbation of structural parameters and modal

parameters, and can be used for effective model updating [1]. The global stiffness matrix K and mass matrix M of the actual bridge can

14 : : 90 — —_—
s ! 3 ] biammad
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Fig. 6. Operational modal analyses of the bridge: (a) acceleration time-history at mid-span of the bridge; (b) stabilisation diagram of modal
identification.
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Fig. 7. Finite element modelling of Jiujiang Yangtze River Bridge.

Fig. 8. Numerical natural frequencies and mode shapes of the bridge: (a) mode 1, 0.46 Hz; (b) mode 2, 0.61 Hz; (c) mode 3, 0.63 Hz; (d) mode 4,
1.09 Hz; (e) mode 5, 1.16 Hz; (f) mode 6, 1.22 Hz.

be expressed here as
K = K+4K;M = M +4M )]

where K and M are the global stiffness matrix and global mass matrix of the finite element model, respectively.
For the undamped finite element model and the associated actual bridge, the dynamic characteristic equations can be written,
respectively, as

(K—aM)®; =0 (5a)

(R—@*M)®, = 0 (5b)
where w; and @; are the ith frequency of the numerical model and the associated actual bridge, respectively; ®; and (f)iare the ith
eigenvector of the numerical model and the actual bridge, respectively. It is assumed that the eigenvectors of numerical model are mass
normalised to ensure the uniqueness of the eigenvectors.

From Eq. (4) and Eq. (5), The relation between the changes of the structural parameters and the modal parameters can be given as
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O} (AK — &.4M) ®; — (37 — 0?)®IMP; = 0 (6)

Due to the limited number of sensors adopted typically in the SHM system, the mode shapes of the actual bridge can often be
incomplete with few measurements available. Thus, the eigenvectors of the actual bridge could be assumed to remain the same as the
corresponding numerical eigenvectors by ignoring the difference between the measured and the numerical eigenvectors. By using the
assumed mass normalisation of the numerical eigenvectors, Eq. (6) is rewritten as

Of (AK — H7AM)®; = &7 — w? %)

For model updating, the unknown differences in stiffness and mass between the actual bridge and the numerical model, AK and AM,
can be expressed as

Ny

N
AK =D (K AM =) 5, My, (8)
j=1 m=1

where ¢; and 7, represent the stiffness and mass updating parameters, respectively, which can characterise individual structural el-
ements or element groups, respectively; N and Ny are the total number of the stiffness and mass updating parameters, respectively; K;
and M,, are the contribution matrices of the jth and mth element or element group to the global stiffness and mass matrices,
respectively.

By considering the stiffness and mass updating parameters defined in Eq. (8), Eq. (7) can be rewritten as

N Ny
> GOTK -] 0, O Mu®; = & — 0? 9)
j=1 m=1

where the stiffness sensitivity coefficients ai-} and mass sensitivity coefficients aj are defined, respectively, as
@y = DK ®; af} = D M;®; (10)
By using the sensitivity coefficients, Eq. (9) can then be simplified as
N¢ Nip

k ~2 m ~2 2
ZaijCi — ; Zaij Ny = O — 0] an

Jj=1 m=1

In order to find a solution for a total number of (N{+Np) stiffness and mass updating parameters, Eq. (11) can be rewritten in a
matrix form as

A — QA™—f=0 (12)

where A* and A™ are the stiffness and mass sensitivity coefficient matrixes, respectively; ¢ and 1 represent the stiffness and mass
updating parameter vectors, respectively; 9 represent the diagonal matrix of the measured N, frequencies; and the known vector f
consists of elements f; = c?)lz — w?, fori=1, Ny,

The Tikhonov regularisation is now utilised to obtain a stable solution for the updating parameters to reduce the influence of
measurement uncertainty. By using Eq. (12), the solution procedure of the Tikhonov regularisation can be replaced by a constrained
optimisation problem as

min{ [ W (A% - @A™ — £) | + 6 () + Inl*) } (13

Subject to {yy, < §; < {yp and mgy, < 1, < My (13b)

where W is the diagonal matrix containing weighting factors to consider the influence and accuracy of the measured frequencies; ¢,
and ¢, are the lower and upper bounds of stiffness updating parameters, respectively; #;,, and 7, are the lower and upper bounds of
mass updating parameters, respectively; ||x|| denotes the Euclidean norm; 6 (9 > 0) is the Tikhonov regularisation parameter, which can
be obtained by the L-curve method [31]. A plot in the log-log scale of the residual norm p(6) and solution norm q(6) as a function of the
regularisation parameter 6 is adopted to determine the regularisation parameter, defined as

B . I 2_N§+Nr] 0 . 2
p(0) = [W(A'¢(6) — QA™(0) — )| = et (14a)
=t
NCA+Np v, 2
q(0) = [cO*+ n@)* = > |5 L5u'f (14b)
= Y + 6

where y; denotes the singular values and the index j range from 1 to N(-+Np; and u; is the jth orthogonal column vector, which can be
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obtained from the singular value decomposition.

Research has shown that the L-curve’s corner, where the curvature of the L-curve is approximately maximal, provides an optimal
regularisation parameter to balance the residual norm error and the solution norm error [32]. By using the log-log plot of p(6) and q(9),
the curvature value «(6) for the L-curve is given by

2qp (6*qp + 20gp + 6*qq’
«(6) = q,p( qp + 20gp 3/qu) (15)
q (6*q +p?)
where ¢’ denotes the first derivative of q. Consequently, the optimal regularisation parameter ¢ is obtained by maximising the cur-
vature (6).

4.3. Bridge model updating

Structural parameters such as stiffness are often selected for model updating, since stiffness plays a crucial role in finite element
modelling. For the complex steel truss arch bridge, it is challenging to adopt a large number of updating parameters representing all
structural components, because the number of the bridge structural components is tremendous, and information on the measured
modal data is often very limited. Therefore, it is appropriate to group structural components of the same type and update them by using
the shared updating parameter.

For the rail-cum-road bridge, a total number of 9 structural components groups are adopted, including the top chords, lower chords,
inclined chords, vertical chords, arches, suspenders, highway beams, railway beams, and other components, as shown in Table 2. In
each group, a scalar multiplier is employed to represent the updating rate of structural stiffness in Eq. (8), and the mass properties
updating procedure is not considered in this paper due to its relatively higher accuracy.

The proposed regularised model updating method is adopted to update the numerical model of the steel truss arch bridge. An
optimisation algorithm is utilised to obtain the regularisation parameter from Eq. (15), giving a value of § = 0.432. Then, a non-linear
constrained optimisation method is adopted to find the optimal stiffness updating parameters using Eq. (13a), where the lower and
upper bounds of the updating parameters are taken as —20 % and 20 %, respectively, on the basis of the discrepancy between the
calculated and measured natural frequencies. Fig. 9 presents the results for the stiffness updating parameters for 9 structural com-
ponents groups, showing maximum updating rates of less than 10 % for the top chords and vertical chords, and an average absolute
updating rate of 5.8 %.

In order to evaluate the performance of the updated finite element model, the average absolute error between the measured fre-
quencies and numerical frequencies for N;,, modes are defined as

1 I jw; — @
ef:N—lelji' ‘a}i il (16)

Table 3 compares the calculated natural frequencies for the original numerical model and updated numerical model with the
measured natural frequencies. From the results, the natural frequencies of the updated model are much closer to the measured results.
The average absolute relative error e; reduces from 7.91 % before updating to 3.43 % after updating.

4.4. Numerical model verification

Based on the updated finite element model, the structural responses under the traffic load are analysed, and the accuracy of the
updated numerical model is verified by comparison with the measured data. To investigate the dynamic response caused by the train
load, the spring damping unit is used to simulate the fastener, and the physical parameters of rail track systems listed in Table 4 are
adopted [33]. An eight-coach metro train carriage (CR200J) is chosen as the train load model, with a speed of 60 km/h. Typical

Table 2
Structural components groups for model updating.
Group  Type Components details Components
number
1 Top chords Top chords of the main truss 128
2 Lower chords Lower chords of the main truss and stiffening chords 152
3 Inclined Inclined chords of the main truss 152
chords
4 Vertical chords ~ Vertical chords of the main truss 316
5 Arches Arch elements 92
6 Suspenders Suspenders of the arch 74
7 Highway Orthotropic steel bridge decks (modelled as space beams) 1,354
beams
8 Railway beams  Railway longitudinal and cross beams 128
9 Others Longitudinal and lateral connections of highway deck, top lateral connections of arch, lower lateral 1,847

connections of railway deck




H.-P. Chen et al. Case Studies in Construction Materials 21 (2024) e03772

20 1 1 1 1 1 1 1 1 1

Rate of updating (%)
(—]
]
[ ]

Top Lower Inclined Vertical Highway Railway
chords chords chords chords Arches Suspenders beams beams Others
Structural member groups

Fig. 9. Updating rates of stiffness parameters for 9 structural member groups.

Table 3
Comparison of calculated frequencies with measured data before and after updating.
Measured Before updating After updating Mode description
@ (H
o (H2) Calculated w (Hz) Relative Calculated Relative error (%)
error (%) w (Hz)
0.57 0.46 -19.30 0.52 —8.77 Midspan lateral bending
0.64 0.61 —4.69 0.62 -3.13 Side span vertical bending
0.78 0.63 —19.23 0.73 —6.41 Anti-symmetrical bending
1.08 1.09 0.93 1.10 1.85 Side span vertical bending
1.21 1.16 —4.13 1.19 —1.65 Three-span symmetrical bending
1.27 1.22 —3.94 1.26 —0.79 Anti-symmetrical bending
1.42 1.31 -7.75 1.47 3.52 Side span vertical bending
1.51 1.56 3.31 1.53 1.32 Three-span symmetrical bending
Table 4
Physical parameters of rail track systems.
Components Stiffness Damping Density Poisson’s
(MN/m) (kNes/m) (kg/m>) ratio
Rail 2.1x10° - 7800 0.3
Wooden sleeper 1.5x10* - 2800 0.3
Fastener 60 72 - -

railway track spectral characteristics are adopted as random unevenness sources to consider track random irregularity. From updated
numerical model, the wheel-rail interaction force is obtained, and the structural dynamic response are analysed when the train pass
through the bridge.

Fig. 10 presents the results by comparing the numerical predictions with the corresponding measured data under the train load at
the mid-span of the main girder of the second arch structure of the bridge, showing that it takes about 40 seconds for a train to cross the
bridge. In Fig. 10(a), the simulated deflection is relatively smooth and regular, and the recorded deflection data has some random
fluctuations, which may be caused by the vehicle traffic vibration and noise. Fig. 10(b) presents the comparison of the predicted
acceleration time history with the corresponding recorded data. The predicted results from the updated finite element model are
generally consistent with the measured data, such as the acceleration magnitude and time range, although there is some difference
between the predicted results and measured data. The vibration data measured from the installed accelerometer appear more
intensive, indicating that the sampling frequency of the accelerometer is relatively higher. Fig. 10(c) and Fig. 10(d) show the strain
response under the train load. There are slight differences between the numerical predictions and the recorded data. Thus, the pre-
dicted strain is suitable for bridge fatigue analyses. From the results, the dynamic response predicted by the updated numerical model
are well consistent with the measured data. Therefore, the updated finite element model can serve as a benchmark for bridge fatigue
assessment.
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Fig. 10. Comparison of the predicted dynamic response with the corresponding measured data at train speed of 60 km/h: (a) vertical displacement
at mid-span; (b) vertical acceleration at the mid-span; (c) strain in the upper chord; (d) strain in long suspender.

5. Structural fatigue assessment
5.1. Corten-Dolan’s model

On the basis of the Corten-Dolan’s model [27], the fatigue damage Dq of the structural components under multi-level stress can be
estimated from the fatigue damage under the maximum stress amplitude, expressed here as

NI

Dy = Z ciriN?i = CmaxrmaxN{f)max 7

i=1

where c; is the number of damaged nuclei of the ith load level; r; is the coefficient of damage propagation rate; Ny; is the cycle number of
the ith stress level o; (i = 1, NI); Cmax, "'max and Niy.y are the maximum values of ¢;, r; and Ny, respectively; b is the exponent coefficient
of the fatigue damage; and NI is the number of load levels.

The structural fatigue life under the multi-level loading condition is predicted by

Ns _ - meax _ meax (18)

S (/) S (01O’

i=1 i=1

where N; is the total number of stress cycles under multi-level loading condition; oy is the maximum stress amplitude; ; is the
proportion of the stress cycle number under the ith stress level o; to the total stress cycle number with >N, ; = 1. The coefficient of

damage propagation rate r; is proportional to the stress level 6;, and can be used for estimating the Corten-Dolan exponent parameter d.
Then, the relative fatigue damage D; under multi-level stress can be defined as

Ngag(0;)°
Di _ Z flal((yl) . (19)
i=1 meax(amax)

The Corten-Dolan exponent parameter d depends on many factors, such as material properties and non-linear loading conditions

11
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[27]. The parameter d can be estimated from an exponential function of the stress state and stress cycle ratio [28], expressed here as

d = exp {(ni/Ni)"‘/"‘“‘“} +o (20)

where n; denotes the stress cycle number of o;; N; is the fatigue life under the constant stress amplitude o;; and ¢ represent a material-
related parameter. To further consider the effect of stress ratio and stress interaction under multi-level loading, the parameter d in Eq.
(20) are modified in [29] and [30].

5.2. Improved Corten-Dolan’s model

The rail-cum-road bridge is subjected to highway vehicle loads and train loads. In comparison with train loads, the effect of
highway vehicle loads is relatively small. To enhance the accuracy of fatigue assessment, an improved Corten-Dolan’s model is
proposed, which can be used for the bridge fatigue analyses to consider the interaction effect between highway vehicle loads and train
loads. For the rail-cum-road bridge, the highway vehicle loads and train loads can be simplified as two different types of loads, and the
fatigue damage of the bridge structural components N, can be expressed as

Ng
N, =)
t=1

I\Ifmax(gt)71
[9:(6) + 0.(0) (0 /00)* |

2D

where t is the bridge operation time; Ny is the expected service life of bridge; 9:(t) is the ratio of stress cycles under the average daily
train loads to the total stress cycles at time t; 9y (t) is the ratio of stress cycles under the average daily vehicle loads to the total stress
cycles at time t; &, is the amplification factor of the structural response under the combined effect of vehicle loads and train loads, and
the maximum value of §, is typically taken as 1.2; and d. is the modified exponent parameter related to stress history and material
properties to better reflect the condition with multi-level traffic loads, defined here as

de = (o1/0:1)" {exp [ (ne/N) ™ | + 0} 22)

where the power form of stress ratio (o; /ai,l)h is adopted to consider the two consecutive load interaction effect, and the exponent
parameter h can be taken as 2 or 3; and 6;/0;_1 is equal to unity when i =1.

Compared with the Miner’s model, the improved Corten-Dolan’s model can consider the coupling effect of highway vehicle loads
and train loads, traffic load sequence and nonlinear accumulation of fatigue damage, which can be considered as an improved model
for the fatigue analyses of the rail-cum-road bridge.

In general, the traffic volume increase rate is assumed to be a constant value, such as 0.1-0.5 % per year [34], which may not be
consistent with the actual condition of the bridge due to traffic loads with territorial and random characteristics. The traffic carrying
capacity of the bridge is related to the number of traffic lanes and the local economic conditions. Therefore, the traffic volume may not
keep increasing at a constant rate during the bridge service life, and then it is reasonable to assume that the traffic volume tends to be
saturated and stabilises gradually with the increase in bridge service time, while the vehicle weights keep unchanged in the future due
to the enforced restrictions of vehicle weights.

The logistic growth curve can be adopted to model the S-shaped characteristics of the traffic volume growth behaviour [35]. At the
initial stage, the logistic growth curve grows up approximately in an exponential form, then the growth rate slows down, and finally
the growth rate vanishes. Based on the bridge traffic surveys [1], the modified logistic growth model for traffic analyses can be
expressed as

Nr(t) = b1 + Ql/[l — 51exp( — l/lt)];Nv(t) = b2 + Qz/[l — (526Xp( — l/zt)] (23)
.. 7500 T T 3000 T T
g 5
2 2
- % :
.- El .-
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— - 2 -
= - 2
2 3
> - » =
%2500 —— Logistic 2 1000 |- Logistic 7
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Fig. 11. Average daily traffic volume predictions based on the proposed logistic growth model and the constantly increasing rate (0.5 %): (a)
highway vehicle volume; (b) train volume.
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in which N;(t) and N, (t) are the numbers of the equivalent average daily traffic for railway and highway, respectively, and can be
assumed to be constants over one year; b; and b, are the initial coefficients of railway and highway volumes, respectively; Q; and Q2
are the maximum traffic coefficients of railway and highway, respectively; v; and vy are traffic growth parameters of railway and
highway, respectively; §; and &, are the stabilisation parameters of railway and highway, respectively.

Fig. 11 presents the traffic prediction results from the proposed logistic growth model, which are compared with the predictions
from the constant increase rate. From the results, highway and railway traffic volume predicted by the proposed logistic growth model
are lower than those obtained from the constant increase rate of 0.5 % during the first 16 and 28 years, respectively. After that, the
traffic volume predicted by the proposed logistic growth model become larger than those from the constantly increasing rate. The
proposed logistic growth model indicates that the annual traffic volume increases exponentially between 17 and 34 years for highway,
and between 29 and 46 years for railway. After these periods, the highway and railway traffic volume gradually reach stable stages.
Thus, considering local economic development, the proposed logistic growth model appears more reasonable for traffic volume
prediction.

5.3. Bridge fatigue assessment

The fatigue damage of the rail-cum-road bridge is mainly caused by the train loads and six-axle vehicle loads. Therefore, the multi-
level traffic loads of the bridge can be simplified as a two-level stress spectrum. The equivalent stress amplitude under the traffic loads
can be obtained from the measured data and numerical simulations. The ratios of the stress cycle numbers under the train loads 9;(t)
and under the six-axle vehicle loads 9, (t) can be expressed, respectively, as

9.(t) :A%; () = NN, o0
(t)N; + N, (t)Ng N.(t)N; + N, (£)N;,

where N; and N¢ are the numbers of equivalent stress cycles caused by a single train load or highway vehicle load passing over the
bridge, respectively.

The measured strain can be decomposed using the wavelet packet method to eliminate low-frequency interferences from the
ambient environment, such as temperature changes. The fatigue stress spectrum can be obtained by analysing the measured strain
through the rain-flow counting criterion. The low-stress amplitudes (typically < 2 MPa) are generally caused by random interference,
and the low-weight vehicles (typically < 3 t) can be ignored in the fatigue assessment due to less effect by lower stress levels. The
number of limit fatigue stress cycles under a specific stress amplitude can be obtained from the S-N equation, namely

logN = C — mlogAc (25)

where Ao is the stress range; N is the number of stress cycles; C and m denote parameters depending on material properties, stress ratio
and loading pattern. For the typical structural components of the rail-cum-road bridge, the values of N = 107, Ac = 64.1 MPa, C =
12.42 and m = 5 could be adopted [25].

Moreover, the measured stress should be corrected by the modified Goodman’s method, expressed here as

0a/06a0 + Om /0y = 1/FOS (26)

where ¢, and 6, are alternating stress and fatigue limit stress, respectively; oy, and oy, are mean stress and ultimate tensile strength,
respectively; and FoS represents the factor of safety, which is related to the shear strength and tensile static strength of the steel,
typically taken as 0.58 for rail-cum-road bridges.

Due to the limited number of sensors and the complex structural system of the rail-cum-road bridge, it is difficult to obtain
structural response of all critical components, such as the short suspenders and lower chords. From the updated finite element model of
the rail-cum-road bridge, the fatigue stress spectrums of the critical structural components under traffic loads are obtained, which can
be used for fatigue analyses. Based on the measured results and numerical simulation results, the equivalent stress amplitude and the
daily stress cycles of the critical components are listed in Table 5, where ¢¢ and ¢ are the equivalent stress amplitudes under train loads
and vehicle loads, respectively.

The cumulative fatigue damage caused by the traffic loads can be calculated by using the maximum stress amplitude and the
equivalent number of stress cycles N [20], expressed as

O mn O mn Oti mn
N° =N, + (—“) + (—”) +o+ (i) 27
O Op O
where N; is the number of the maximum stress range due to a single traffic load; oy; are the higher-order stress range; and o, is the
primary stress range, calculated from the difference between the maximum and minimum stress ranges.

For the rail-cum-road bridge, the typical train loads are assumed to be the primary loads, and the six-axle vehicle loads are assumed
to be the secondary loads. The cumulative fatigue damage of the bridge under two-level load conditions can be expressed as

NL(£NE (08)™ + Nv<r)N3(as>d°] (28)

Ng
D. = SoNyt
- L
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Table 5
Equivalent stress amplitudes of daily equivalent stress cycles.
Component Measured data (MPa) Component Numerical prediction (MPa)
oy oy o oy
Upper H-shaped chord 66.61 27.09 Lower H-shaped chord 97.66 46.69
Long H-shaped suspender 82.33 45.49 Short H-shaped suspender 121.12 63.27
L/4 Arch ring 56.53 28.51 L/2 Arch ring 78.19 36.15

where Ny is the number of days in a year, taken as Ny = 365.

Fig. 12 gives the cumulative fatigue damage results of the short H-shaped suspender for different fatigue damage models, including
the Miner’s model, the Corten Dolan’s model, and the proposed modified Corten Dolan’s model. The results show that the fatigue
damage obtained by the proposed model appears more significant than other models. When the bridge operation time reaches the
design service life of 100 years, the cumulative fatigue damage is 0.25, 0.28 and 0.32 for the Miner’s model, the Corten Dolan’s model
and the proposed model, respectively, which indicates that the short H-shaped suspender is not considered to have reached the end of
the fatigue life. In the traditional fatigue analyses for the rail-cum-road bridge, the Miner’s model is often adopted by ignoring the
loading effect caused by highway vehicles. However, as shown in Table 1, the six-axle vehicles are overloaded significantly with a
larger proportion of highway vehicle loads. The results in Fig. 12 indicate that the fatigue damage caused by the highway vehicle loads
cannot be ignored in the rail-cum-road bridge fatigue analyses. By considering the combined effects of the multi-level traffic loads and
selecting appropriately the exponent parameter d. in Eq. (22), the cumulative fatigue damage of the proposed model appears more
reasonable and reliable.

The critical components of the bridge, such as the lower H-shaped chord, short H-shaped suspender, and arch ring, are now selected
for analysing the fatigue damage under traffic loads by using the improved Corten-Dolan’s model. Fig. 13 shows the fatigue damage
assessment results for the short H-shaped suspender by using different traffic prediction methods, including the proposed logistic
growth model and the model with a constant increasing rate of 0.5 %. During the initial stage with 28 years of bridge service, the
proposed logistic growth model shows low traffic levels and slow growth rates, and the fatigue damage increases gradually. Then, the
cumulative fatigue damage for the proposed logistic growth model increases exponentially with the growth of the traffic volume. After
50 years of bridge operation, the difference in cumulative fatigue damage between the traffic predictions from the proposed logistic
method and the constant rate method gradually becomes large. The results show that the structural fatigue damage under the constant
traffic growth rate is lower than that from the proposed logistic growth model, and the short H-shaped suspender becomes more
vulnerable under the traffic loads.

This study assumes that the bridge fatigue damage under the multiple loading condition is the same as the fatigue damage under the
equivalent stress amplitude of. The equivalent stress amplitude of the improved Corten-Dolan’s model for the fatigue assessment of the
rail-cum-road bridge can be calculated from

o5 =5, (29)

NN (02)* + Ny (ONe (00) ]
N.(ONE

T
Based on the S-N curve and the improved Corten-Dolan’s model, the limit state equation of the fatigue failure of the critical
structural components of the bridge with consideration of traffic volume growth can be given as
m
Qmmamxﬁ)t

t) = D; —e.D(t) = D; —
8(t) = D —ecD(t) = D¢ X

(30)

where Dy is critical fatigue damage; D(t) is the fatigue damage at bridge operation time t; e. is the error correction factor of sensor
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Cumulative fatigue damage
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Time (year)

Fig. 12. Cumulative fatigue damage predicted by different models for the short H-shaped suspender.
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Fig. 13. Cumulative fatigue damage of the critical structural components for different traffic prediction models.

measurements or finite element model; and K is the fatigue strength coefficient. These parameters are assumed to be random variables
following the lognormal distribution [36], as shown in Table 6.
From the limit state equation in Eq. (30), the fatigue failure probability of the critical structural components can be calculated from

P; = Plg(t) < 0] = ®(1—p(t)) (31)

where Py is fatigue failure probability; f; is fatigue reliability index depending on time t, for steel bridge typically g = 2.0-3.5 [36]; and
@ is the standard normal distribution function.

Fig. 14 shows the results for fatigue reliability analyses of the critical structural components of the bridge, where the proposed
modified Corten-Dolan’s model is utilised. The Monte Carlo simulation method is adopted to calculate the fatigue reliability of the
critical structural components with sampling number of 1,000,000. The results in Fig. 14 show that the fatigue reliability index de-
creases with the increase of bridge operation time, and the fatigue reliability index obtained from the proposed logistic growth model
reduces more significantly than that from the constant rate model. The fatigue reliability index of the upper H-shaped chord, short H-
shaped suspender, and arch ring reaches the target reliability index S, 0f 3.0 after 60 years, 48 years, and 91 years of bridge service,
respectively. The short H-shaped suspender is more vulnerable to fatigue failure under the combined cyclic traffic loads, as evidenced
in regular condition inspections of the bridge.

6. Conclusions

This paper presents an effective method for the fatigue assessment of the rail-cum-road bridge from the SHM data. The measured
data obtained from the installed SHM system on the bridge are analysed for traffic characteristics and modal identification. A three-
dimensional finite element model is constructed and then updated by using the proposed regularised model updating method, and the
updated numerical model is verified by using the measured dynamic response data. A realistic logistic growth model is proposed to
simulate the growth of traffic volume, and then adopted for multi-level traffic load predictions. An improved Corten-Dolan’s model is
then proposed for the fatigue damage assessment of the critical structural components of the rail-cum-road bridge. From the obtained
results, the following conclusions are noted:

a) From the SHM data, the probability distribution of traffic loads can be modelled using multiple Gaussian distributions, and the six-
axle vehicles can be considered as the critical highway load model for the bridge fatigue assessment.

b) The proposed regularised finite element model updating method can provide better correlation between the numerical model and
the associated actual bridge after the model updating from the measured natural frequencies. The verified numerical model can
provide a reliable basis for evaluating the structural fatigue performance.

Table 6
Parameters of lognormal probability distributions for random variables.
Parameter Description Mean value Unit Coefficient of variation
Dy Critical fatigue damage 1.00 - 0.30
ec Error correction factor 1.00 - 0.03
Kp Fatigue strength coefficient 1.9x10% - 0.45
of Equivalent stress amplitude of 100.76 MPa 0.17
upper H-shaped chord
short H-shaped suspender 125.21 MPa 0.06
arch ring 80.55 MPa 0.01
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Fig. 14. Fatigue reliability index of various critical structural components from different traffic prediction models.

c) The proposed modified Corten-Dolan’s model considers the non-linear fatigue damage accumulation and the coupled effects of
train and highway vehicle loads. This approach yields more reliable assessments for structural fatigue damage and reliability
analyses of the rail-cum-road bridge. Notably, the short H-shaped suspender, with its relatively short fatigue life, emerges as the
most vulnerable component.
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