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Abstract

Fatigue is an important failure mode for large suspension bridges under traffic loadings. However, large
suspension bridges have so many attributes that it is difficult to analyze their fatigue damage using
experimental measurement methods. Numerical simulation is a feasible method of studying such fatigue
damage. In British standards, the finite element method is recommended as a rigorous method for steel
bridge fatigue analysis. This paper aims at developing a finite element (FE) model of a large suspension steel
bridge for fatigue stress analysis. As a case study, a FE model of the Tsing Ma Bridge is presented. The
verification of the model is carried out with the help of the measured bridge modal characteristics and the
online data measured by the structural health monitoring system installed on the bridge. The results show
that the constructed FE model is efficient for bridge dynamic analysis. Global structural analyses using the
developed FE model are presented to determine the components of the nominal stress generated by railway
loadings and some typical highway loadings. The critical locations in the bridge main span are also
identified with the numerical results of the global FE stress analysis. Local stress analysis of a typical weld
connection is carried out to obtain the hot-spot stresses in the region. These results provide a basis for
evaluating fatigue damage and predicting the remaining life of the bridge.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Fatigue is an important failure mode for steel structures. In fact, 80-90% of failures in steel
structures are related to fatigue and fracture [1]. Nowadays, more and more large steel bridges are
being constructed worldwide, and some are expected to be vulnerable to fatigue-related problems.
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It is important to study fatigue damage in these bridges. Fatigue analysis for an existing bridge is
predominantly based on stress analysis, to get the distribution of stress in structures. Recently,
some important works on fatigue analysis for bridges have been found [4,5]. In those works,
short- or medium-span bridges were the focus, and, the finite element method (FEM) was used to
decide the critical locations due to fatigue damage. Field tests were then conducted for assessment
of the stress range in these critical locations.

A long-suspension bridge is a very flexible and lightly damped structure. Heavy trucks and
railway vehicles running on a long-suspension bridge may significantly change local dynamic
behavior and affect the fatigue life of the bridge. Generally, a long-suspension bridge has a sheer
size and is over water, which makes access for inspection, instrumentation and testing very
difficult. Many experimental techniques that have been shown to be successful for structural
identification of short- and medium-span bridges cannot simply be scaled-up to long-span bridges
[2]. All of these factors make it very difficult to study fatigue damage in long-suspension bridges
with experimental measurement. Correspondingly, numerical simulation is a feasible method to
study such fatigue damage.

The FEM is recommended by the British standards [3] as a rigorous method for structural
fatigue stress analysis. The studies [6,7] show that FEM has become a highly valuable tool as a
basis for evaluation of fatigue behavior. The latest work by Lin and Smith [8—10] describes the
finite element (FE) modelling of fatigue crack growth of surface cracked plates, and provides an
accurate evaluation of the fatigue life of the structures. However, it is very complicated to
establish a FE model of a large practical structure for fatigue damage analysis, as the FE model
should embody the sectional properties of structural members. Moreover, in considering that
fatigue damage is a local failure mode and often occurs in welded regions, the weld detail should
also be included in the FE model. There is no related work found in literature about the study of
fatigue damage of large suspension bridges using FEM, and therefore it becomes a significant
problem to be studied.

The Tsing Ma Bridge (TMB), which is 2.2 km in total length and has a main span of 1377 m, as
shown in Fig. 1, is the longest suspension bridge in the world, carrying both road and rail traffic.
As the main part of the Lantau Link, a combined highway and railway transport connection
between Tsing Yi Island and Lantau Island, it forms an essential part of the transport network for
the new Hong Kong airport. In order to ensure user comfort and the safety of the TMB, a
structural health monitoring system has been devised and installed to monitor the integrity,
durability and reliability of the bridge. This monitoring system comprises a total of approximately
350 sensors, including accelerometers, strain gauges, displacement transducers, level sensors,
anemometers, temperature sensors and weigh-in-motion (WIM) sensors, installed permanently on
the bridge. The strain gauges were installed to measure stresses at bridge-deck sections. By use of
the online strain time-history data, some important work [11,12] on the fatigue damage analysis
and service life prediction of the bridge-deck section of the TMB has been carried out. However,
the locations of the monitoring sensors setting in the bridge were selected for general purposes and
such locations might not be critical to fatigue damage. The analysis of the TMB global dynamic
response and the stress—time history under traffic loading in the members are needed. Moreover, if
the bridge is subjected to some disastrous conditions, such as during or after an earthquake, the
online data measured by the health monitor system will not be able to directly predict the degree
of damage. In this paper, a large FE model of the TMB (depicted in Fig. 1(b)), embodying the
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Fig. 1. Configuration of the TMB and FE model.

properties of almost all the structural members, is developed. The welded regions are manifested
by the relative mesh method. The dynamic characteristics of the TMB and its dynamic responses
under traffic loading are studied with the established FE model. Comparisons of the computed
results with the measured data are presented to demonstrate the validity, accuracy and capability
of the proposed FEM. These results provide a basis of evaluating fatigue damage and predicting
the remaining life of the TMB. Moreover, with the developed FE model, the dynamic responses of
the bridge under a heavy traffic accident, typhoon attack, and/or earthquake could be simulated.

2. Fe model of the TMB

Bridge fatigue is a high-cycle fatigue problem where stress fluctuations are so low that the
deformation in the structure is elastic except at notches and welded joints where local stresses are
concentrated. Consequently, an elastic FE model was needed for global stress estimation of the
bridge in virgin state due to traffic loading, so that critical locations due to fatigue damage could
be identified. As shown in Fig. 1, the TMB is a double-deck suspension bridge. It contains about
20000 structural members, including longitudinal trusses, cross-frames, deck plates, tower beams,
main cables, hangers, etc. In recognizing that the conventional modelling procedure for cable
supported bridges by approximating the bridge deck as analogous beams or grids is not applicable
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for accurate fatigue stress analysis, a precise FE model of the TMB was developed using the
commercial software package ABAQUS.

In the developed FE model, longitudinal trusses in the bridge deck, comprising chords, posts
and diagonal bracings, were modelled as 3-D, two-node iso-parametric beam elements having six
degrees of freedom (d.o.f.) at each node. Bending, torsional and axial force effects were all
considered in each space beam element. The section details were also embodied in the
corresponding elements: the top and bottom chords which are box section members, were
modelled as space beam elements with box sections; vertical posts and, diagonal bracings were
represented by space I-beam elements, as they are all fabricated H-sections. Considering their H-
sections, cross-frames in the deck were also modelled as 3-D I-beam elements.

The main cables and hangers, generally simulated as truss elements, were still modelled as two-
node space beam elements with circular cross-sections. Highway pavements were modelled by 3-D
four-node doubly curved shell elements with reduced integration to control the hourglass. For
convenient connection with the beam elements, the six d.o.f. at each node were also selected in the
shell elements. Railway beams are made up of two inverted T-beams welded to flange plates. They
act as continuous longitudinal beams supporting a track bed. Correspondingly, each rail track
was represented by continuous beam elements with I-section. The Tsing Yi and Ma Wan Towers
are made of reinforced concrete and are supported by hard foundations. They were modelled as
rigid bodies. Some two-node flexible joint elements with six d.o.f. at each node were used to
simulate the relative joint connections, such as bearings in the bridge deck. All of the
corresponding element properties are listed in detail in Ref. [13].

It is complicated to simulate large practical structures such as the TMB. As the aforementioned
analysis shows, the welded regions are vulnerable to fatigue damage. Therefore, an efficient FE
model for fatigue analysis should be able to output the stress at these locations. When the stress
histories in the elements around a welded connection were obtained, using a proposed local FE
model described later in the paper, the hot-spot stress in the welded region could then be
calculated. The fatigue damage and the remaining fatigue life in the region could be analyzed
correspondingly. The proposed FE model should be adequate to calculate the normal stress history
and/or internal forces in the relative elements adjacent to the regions for hot-spot stress analysis. In
the deck of the TMB, almost all the structural members are welded together, so the elements were
meshed at the corresponding connected points. On the other hand, considering the limit of the
computational cost, the element meshes in the FE model could not be too fine. In the established
TMB FE model, a practical structural member was just modelled as an element. For instance, a
diagonal bracing or a vertical post was modelled as an I-beam element. The chords and the cross-
frames were modelled at the relative connected points of the structural members. Fig. 2 shows the
FE model of a typical deck unit. The spatial configurations of the original structure are retained in
the model. More than 7300 nodes and 19 000 elements are included in the TMB FE model.

3. Verification of the model
The modal properties of the TMB under free vibration and its dynamic stresses under the train

loading were studied with the developed FE model. Comparison of the computed results with the
measured data was used to verify the efficiency of the FE model.
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Fig. 2. Cross-section of the bridge deck and FE model.

3.1. Modal properties

The Eigenvalue problem for the natural modes of a FE model [14] is
([M]+ u[C]+ [KD{o} = O, (1)

where [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix, which may
include large-displacement effects, such as “‘stress stiffness” (initial stress terms), u is the
eigenvalue, and {¢} is the eigenvector. During eigenvalue extraction in ABAQUS, the damping
was neglected. When the eigenvalue i without damping is calculated, the eigenvalue with damping
is, u= v/ 1—c%

In the ecigenvalue calculation, the initial stress in the hangers and main cables must be
considered carefully because the initial stress greatly affects the structural stiffness matrix [15].
The initial stresses were tested when the bridge was just constructed, and were adopted as the
stress initial conditions in the FE model.

The periods of the first 80 modes of free vibration were computed with FEM ranging from
2.305 to 0.134s. Some free-vibration frequencies were measured separately by the Tsing Hua
University (THU) in China, the Hong Kong Polytechnic University (HK PolyU) and the Hong
Kong Highways Department (HKHD). The designer Mott MacDonald Hong Kong Ltd.
(MMHK) and the checker Flint & Neill Partnership of UN (FNP) of TMB also analyzed
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Table 1

Few free-vibration frequencies of TMB, unit (Hz)

Mode MMHK FNP THU HK PolyU HKHD Mean FEM Difference (%)
Lateral

First 0.065 0.064 0.069 0.069 0.070 0.0674 0.069 +2.3
Second 0.164 0.149 0.161 0.164 0.170 0.1616 0.161 —0.4
Vertical

First 0.112 0.112 0.114 0.113 0.114 0.1130 0.117 +34
Second 0.141 0.133 0.137 0.139 0.133 0.1366 0.144 +35.1
Torsion

First 0.259 0.253 0.265 0.267 0.270 0.2592 0.262 +1.1
Second 0.276 0.268 0.320 0.320 0.324 0.3016 0.332 +9.2

theoretically the first few frequencies [16]. Table 1 gives a comparison between the first few
measured and analytical natural frequencies.

In Table 1, the “mean” data in the seventh column are the mean values of frequencies of the
second to sixth columns, which include measured and theoretically results. The
difference=(FEM — Mean)/FEM %100%. The maximum relative difference is 9.2%, which
shows that the frequencies calculated by the constructed FE model compare well with the
measured and the analyzed ones. The main dynamic response properties are included in the FE
model. It is efficient to study the modal properties of the TMB using the FE model [17].

As a matter of interest, the first lateral, vertical and torsion modes of the bridge are shown in
Figs. 3-5, respectively. In the figures, the x direction is allocated along the bridge longitudinal
direction, the y direction is vertical, and the z direction is in the bridge lateral direction. Each
mode shape is depicted with respect to main cables (and towers) in x—z and x—y planes, and with
respect to deck longitudinal girders in x—z and x—y planes. In these figures, the legend “original”
denotes the static configuration of the bridge; the legend “cable 17 indicates the modal motion of
the front cable with z = +18.0m; the legend “‘cable 2" indicates the modal motion of the back
cable with z = —18.0 m; the legend ““‘chord 1’ indicates the modal motion of the front longitudinal
bottom chord with z = +13.0m; and the legend ““‘chord 2" indicates the modal motion of the back
longitudinal bottom chord with z = —13.0m.

3.2. Comparison of the computed stress responses with the monitoring data

The effectiveness of the FE model was studied before it was used to analyze the dynamic
response of the TMB. The TMB carries both highway and railway traffic. Relatively, its dynamic
response is caused by the combination of truck or highway loading and train loading. The truck
loading is very complex because it varies with traffic flow, vehicle types, the road roughness and
the vehicles’ lateral positions, etc. There are many uncertainties in the truck-loading model.
Conversely, a train has fixed axle spacings and known axle loading. The train-loading model is
more reliable in this sense than the truck-loading model. Being the first step of the research, the
dynamic response of the bridge under a running train was considered.



T.H.T. Chan et al. | Journal of Sound and Vibration 261 (2003) 443464 449

z-mode (out of plane)

20 ¢
15 ¢ cables
10 } /
05 |
x (m)
- . 50
-1200.0 -800.0 -400.0 050 400.0 800.0

(a) Moda mation in cables

z-mode (out of plane)

/ chords

15
05
/ x (m)

-1200.0 -800.0 -400.0 0 400.0 800.0

g

(b) Modal motion in deck

Fig. 3. The first lateral vibration mode.

y-mode (in plane)

original configuration of cables

X (m)
-1200.0 -800.0 -400.0 0.0 400.0 800.0
(a) Modal motion in cables
y-mode (in plane)
20
10
. . . 3 . L x(m
-1200.0 -800.0 -400.0 00 400.0 800.0
-1.0
20 L

(b) Modal motion in deck

Fig. 4. The first vertical vibration mode.
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Fig. 5. The first torsional vibration mode.

When a train passes across a bridge, periodic excitations can be induced to generate bridge
deformation, and bridge fatigue damage can then be produced. For a long-span bridge—train
system, Diana and Cheli [18] pointed out that the interaction between the train and bridge should
be considered while studying the bridge deformation. Recently, Xia et al. [19] established an
accurate train—bridge model to study the dynamic interaction of long-suspension bridges with
running trains. Their results indicated that the dynamic interaction between the train and long-
span bridge is insignificant. To avoid the model being more complicated, the running train is
simulated as moving loads in the established model. When the speed of the moving load is very
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slow, the crawling speed load can be considered as a static load, and the corresponding response
as the influence line of the response. Work by Moses et al. [20] indicated that the impact factor of
a long-suspension bridge would not be over 10%. Therefore, the moving load model is accurate
enough to study the bridge response under running trains.

A typical train model [19] is shown in Fig. 6: each axle loading of the train is about 170 kN
while the train is fully loaded. A train with 10 cars full of passengers was adopted in this model.
To calculate the bridge dynamic response, the equivalent nodal forces are needed.

Considering a random ith node in railway elements (/ — 1, I) and (/, I + 1), the nodal force Vﬁl
and moment Mil caused by nth live axle load F, (as shown in Fig. 7), is a function of ith node
space location x; and the axle load F, local position ¢:

V,=V,Cnx), M, =M, (%) (—1<E,<D), 2)

where ¢ = +a/L, L is the longitudinal dimension of a railway element, and « is the distance

between F, position and ith node along train running direction. When |&,|> 1, the nth axle force

F, is not within the elements (I — 1, /) and (Z, I + 1), and will not affect the ith nodal forces.
In thinking of axle load F,, as a live load, its position varies with time ¢ and the train speed Vj:

Cn = Calt, Vo). 3)

While a train is running on the bridge, the nodal forces at ith node are the total equivalent
forces caused by all axle forces of a train, i.c.,

Vi= > VG Vo)X, Mi=Y M, (1, Vo), Xo). )
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With Eq. (4), typical nodal force—time and moment—time histories are shown in Fig. 8, where
the train speed was considered as 30 m/s and the time was the whole period of a train axle load
affecting the nodal force.

When the equivalent nodal force was added to the FE model, the dynamic response of the TMB
was analyzed. The modal superposition method was adopted to study the dynamic response. As
long-suspension bridges bear global deformation at very low frequency and local deformation at
relatively high frequency, assuming the bridge local deformation to be included in the response,
the first 80 modes were selected in the analysis. The effective masses are more than 93% of the
total masses when the first 80 modes were used in the dynamic analysis; therefore, the number of
modes is enough for dynamic analysis. Additionally, considering that long-suspension bridges are
lightly damped structures, the modal damping was chosen as 0.5% in the FEM.

Comparison of the computed results with the measured online data was needed to validate the
efficiency of the FEM. The online dynamic response of the TMB was measured by a structural
health monitoring system permanently installed on the bridge. Forty-seven strain gauges were
installed on the frame CH-24662.5 to measure the strain—time history. Some typical locations of
strain gauges are shown in Fig. 9.

Generally, the measured strain—time data is the response of the bridge under both rail loading
and truck loading, but the computed results are the response just under rail loading. In normal
conditions, it is not easy to take a control test to measure the bridge dynamic response under rail
loading only. Occasionally, the highway on the bridge will be closed, but the railway will still be
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Fig. 9. Typical locations of strain gauges in the bridge deck.

opened under some emergent conditions, e.g. when the bridge is attacked by a typhoon. On
September 16, 1999, typhoon York directly hit Hong Kong and the highway on the TMB was
closed. The eye of York was closest to the TMB at 10 a.m. that day. Within a typhoon eye, there is
almost no wind effect to the structure. During the 2h taken for the eye of York to get past the
TMB, given that hardly any vehicle traffic passed along the bridge, the TMB could reasonably be
considered to be under train loading only. The measured data from 10a.m. to 11a.m. were
selected for comparison with the computed results.

The strain—time history selected from the online data recorded by the strain gauges (as shown in
Fig. 9) located at detail “D” and detail “J”” were considered, where the strain gauge “SR-TLN-01"is a
strain rosette, and the corresponding principle stresses in the location were computed for comparison.
Because the TMB is symmetrical about the bridge centerline, the strain—time histories recorded by the
strain gauges in details “C” and “F” are similar to those in details D and J, and were not studied
separately. With the strain—time-history data, the stresses versus time in the locations could be
obtained easily using Hooke’s law (where Young’s modulus is 200 GPa), and are shown in Fig. 10.

Each sudden change in the curves corresponds to the passage of a train. Obviously, there were
eight trains which had passed through the TMB during the hour of interest, four of which were
airport-bound and vice versa. When trains passed through the bridge in different directions, the
differences of the responses at ““SS-TLN-04" and “SS-TLN-05" were very distinct. In the
developed FE model, the bridge responses under an airport-bound train were simulated and
correspondingly compared to the measured data in the same train direction.

A comparison between the computed results and the measured data was carried out. To be
more distinct, the related stresses due to the passage of a train were selected. The stresses should
not be compared with the computed results directly because the measured stresses are affected by
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Fig. 10. Measured stress—time histories at: (a) SR-TLN-01, (b) SS-TLN-04, (c) SS-TLN-05.

many factors, including traffic loading, temperature change, and the initial conditions during
the installation of the strain gauges. However, being the most important factor to cause
structural fatigue damage, the stress fluctuation is mainly caused by traffic loading [11].
The stresses recorded by strain gauges should be calibrated for comparison with the computed
data, i.e., the selected stress peak should be moved to locate at the same time as the computed
data, and the measured stress value to be equal to the computed datum at time zero. The relevant
stress response output points are shown in Fig. 9. The comparison of output stresses at points
“4 “1” and ““2” with the recorded data by SR-TLN-01, SS-TLN-05 and SS-TLN-04 are shown
in Fig. 11.

As shown in Fig. 11, there is just a stress cycle within the passage of a train by FE analysis.
However, with the measured data, there is a main block stress cycle that consists of some small
stress cycles. The small stress cycles reflect the local dynamic response of the bridge and
correspond to much higher modes that cannot be included in the limited modal superposition
analysis. However, in the analysis of high-cycle fatigue damage, the main stress cycle is most
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important and the small stress cycle can be neglected. Fig. 11 shows that the computed stress
spectrum compared well with the recorded data.

From the aforementioned comparison of the computed results by the developed FE model with
the measured data, it could be seen that the model could be used to study the dynamic response of
the bridge for fatigue analysis.

4. Dynamic response of the TMB under traffic loading

In the case of bridges carrying both highway and railway loadings, the total fatigue damage
should be determined for each loading condition separately [3]. Because there is only a single rail
track passing through the TMB in each direction, the additional combined stress history by more
than two trains could be neglected. The computed stress history (see Fig. 11) should be used
directly to calculate the fatigue damage in the TMB. With the volume of train passages in a block
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(i.e., the stress cycle numbers in a block due to train loadings should be known) [12], using
the Palmgren—Miner rule [3], the fatigue damage under train loadings in a block could be
obtained.

In British standards, individual truck passages were considered to control fatigue behavior for
short- and medium-span bridges. However, it would not be appropriate to simply adopt the same
procedure in a fatigue evaluation for long-span bridges. As discussed by Moses et al. [20], the
effect of groups of trucks is very important to such bridges’ fatigue behavior. The TMB carries a
double three-lane highway. To study the fatigue damage due to highway loading, the combined
stress history under vehicles in the same direction should be studied.

As mentioned earlier, it is more complicated to study the dynamic response of the bridge
under truck loading than under train loading. In addition, when a truck was running on the
bridge, the local response of the bridge was dominant and a much higher modal state was
activated. It was still not convergent when 120 modals were adopted to calculate the bridge
response under truck loading. Therefore, the modal superposition method is unsuitable
for studying the bridge dynamic response caused by trucks. Here, the direct implicit integ-
ration method was adopted to compute the response. However, it is still too expensive to
compute the bridge dynamic response in the whole process of a truck passing through the bridge.
In normal conditions, the affected time in an element with a passage of a truck is less than 2s,
which could be found in a typical stress—time history curve from online data, as shown in
Fig. 13(a).

To calculate the stress—time history caused by highway loading in an element, only the period of
a truck affecting the element was considered. Correspondingly, the computing time was
significantly reduced. It is an efficient way to compute the bridge local response.

Computed stress—time histories at CH24662.5 under a single truck are depicted in Fig. 13(b),
where the truck is a standard British fatigue truck [3] running in the shoulder lane (as shown in
Fig. 12(a)), and its speed is chosen as 25m/s. As shown in Fig. 13(b), the measured affecting time
of an element accords well with the computed result. However, the stress spectra could not be
compared because the axle load and configuration of the corresponding truck and its lateral
location on the bridge could not be determined accurately.

As the affected time of an element under a truck passage is less than 2s (as shown in Fig. 13)
and the space between the two trucks along their running direction in a lane is the running
distance in 3 s under normal speed, the longitudinal combination of trucks in the same lane could
be ignored. The lateral combination should be considered. As shown in Fig. 12, three typical
lateral positions of trucks are considered. Certainly, there may be other trucks lateral distribution
conditions, but the three truck-loading conditions studied here should cover most of the cases in
practical highway loadings [21] that cause more serious bridge damage than other loading
conditions. The corresponding computed stress histories are depicted in Fig. 14.

With the calculated stress histories under the above traffic loading conditions, as well as with
the statistical truck volumes in a block time under the three loading conditions from WIM data,
the fatigue damage caused by truck loading could be obtained.

The stress analysis here provides a base for studying the bridge fatigue damage. To obtain the
total damage under the railway and highway loadings, the probability of co-existence of the two
types of loading should be taken into account. The fatigue damage calculation will be reported in
a separate paper.
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Fig. 12. Truck lateral positions on the bridge deck.

5. The critical fatigue location in the TMB

It is significant to decide the critical locations due to fatigue damage in practical bridges. In the
aforementioned stress analysis, the bridge responses under highway loading and under railway
loading were studied separately. The critical location due to fatigue damage under these two types
of loading could then be analyzed.

The computed bridge response under truck loading is just the local response at CH24662.5.
The stress distribution in the elements around CH24662.5 is depicted in Fig. 15(a). From
Fig. 15(a), it can be seen that the critical locations are the outmost part of the upper chord and
the bottom cross-frame between the rail tracks. In considering the limited computational cost,
the whole process of a truck passing through the bridge would not be computed with the
direct implicit integrate method. To know about the local response under traffic loading
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Fig. 14. Computed stress versus time under truck loading.

along the bridge longitudinal direction, the responses of the elements around CH24311.5,
which is around the middle of the main span, are computed. The stress-contour distri-
bution in the relative elements is shown in Fig. 15(b). Comparison of Fig. 15(b) with Fig. 15(a)
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shows that the critical locations due to fatigue damage are at similar locations at each
chainage.

The critical locations due to fatigue damage under rail loading were also identified. The stress
contour distribution in the elements around CH24662.5 under train loading is depicted in Fig. 16.
From Fig. 16, the critical locations in the deck unit are at the outmost part of the upper chord,
which is similar to the critical locations under truck loading. The stress distributions in other deck
units are similar to ones at CH24662.5.

As the local responses under truck loading are similar, the critical locations due to fatigue
damage in the whole main span are mainly decided by rail loading. When a train passed through
the TMB along the outbound airport track, the stress spectra in the outmost of the upper chords
along the bridge longitudinal direction were studied to determine the fatigue critical locations in
the whole bridge.

The stress spectra in the left outmost part of the upper chords along the main span are depicted
in Fig. 17. The y-axis denotes the dimensionless stress spectra, which equals Ag, the stress
spectrum in the focused location divided by Ac”, the stress spectrum in the chord outmost at
CH24662.5. Obviously, the critical location is not at the CH24662.5, where the strain sensors were
installed. Fig. 17 shows that the stress spectra in many frames are higher than the one in the frame
at CH24662.5. The stress spectrum at CH23893 is about 1.2 times the stress spectrum at
CH24662.5. To analyze the fatigue damage in the TMB, the stress spectrum in this location will be
adopted and the remaining life of this location would be simulated.

Increase
—’.
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-

Increase
—’

Decrease
-

(b) Around CH24311.5

Fig. 15. Stress distributions in the elements under single truck loading.
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6. Local FE model for fatigue stress analysis

As the welded regions are vulnerable to fatigue damage, an efficient FE model for fatigue
analysis should be used to output the stress at these locations. However, the aforementioned
global stress analysis just could obtain the normal stress history in the elements around a welded
location. Local FE model is proposed to calculate the hot-spot stress in the welded region for
fatigue damage and the remaining fatigue life analysis.

There are some kinds of welded connections in the TMB deck. As a case of study, a typical
welded connection (depicted in Fig. 18) is selected for fatigue damage analysis. In the considered
joint, the longitudinal beam and vertical post are connected using fillet welds. A local FE model of
considered welded connection is shown in Fig. 19 for hot-spot stress analysis. As the longitudinal
beam is box section member and the vertical post is H-section member, they are all modelled as
shell elements. In thinking of the hot-spot stress must include all the stress-concentrating effects of
the welded detail, the region around the welded connection are modelled as 3-D brick elements.
The connecting conditions between the shell elements and brick elements are accommodated
through a series of penalty elements [22].

The normal stress history and/or internal forces in the relative elements adjacent to the welded
connection, which were obtained through the aforementioned global stress analysis, are
considered as the external forces in the presented local FE model. Fig. 20 gives the hot-spot
stress distribution in the welded connection under a train loading. From the stress distribution
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Fig. 20. Hot-spot stress analysis of a typical welded connection.

figure, it is easy to see that the hot-spot stresses in the welded region are much higher than the
normal stress. From the analysis results, the fatigue damage degree in the locations could be
computed and the remaining life of the bridge could then be evaluated, which will be discussed in
more details in a separate paper.

7. Conclusions

A large FE model of a long-suspension bridge was developed in this paper. In order to be
suitable for fatigue stress analysis, the developed FE model embodied the spatial configurations of
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the original structure and weld-connection details. The verification of the model was carried out
with the help of the measured data. With the comparison of the computed first few modal
eigenvalues with the measured ones, the main modal properties of the TMB has been included in
the developed FE model. With the developed FE model, the dynamic responses of the bridge
under the running train were also studied using the modal superposition method. The computed
results agree well with the online data measured by the structural health monitoring system
installed on the bridge. These results show that the proposed FE model in this paper is efficient for
fatigue stress analysis.

The dynamic responses of the bridge under the highway and railway loading were studied with
the developed FE model. During the extraction of the bridge responses under highway loadings,
the effects of groups of trucks were considered. The computed stress spectra in the bridge deck
could be used for subsequent fatigue damage analyses.

Critical fatigue locations within the bridge main span were also decided by FE analysis. In any
cross-frame, the elements at the two outmost of the upper chord are more critical to fatigue
damage. Along the main span, the critical fatigue locations do not have any strain sensors
installed.

All the above results provide the basis for evaluating fatigue damage in the bridge and
predicting its remaining service life. The developed FE model could also be used to simulate the
dynamic response of the bridge under some disastrous conditions.
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