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1. Introduction

With the recent fast development of the railroad infra-
structure in China, the number of long span railroad 
steel bridges has increased significantly. Although, these 
structures are relatively new, fatigue related performance 
and safety issues have been a concern during the design 
process. Fatigue damage (Committee 1982; Fisher 1984) 
on weld details of some older bridges was discovered 
in the past and it is recognized as a common structural 
problem worldwide (Kossakowski 2013). Due to the in-
creased level of train axle loads and repetitive nature of 
the train loading pattern, fatigue on railroad steel bridg-
es (Fisher, Roy 2011; Zhao et al. 1994) has also attracted 
special attention in structural research (Bowman 1997). 
Traditionally, fatigue analysis (Bush 1988) of a bridge has 
been conducted using the method of moving loads and 
influence line, in which the train axle loads are treated as 
series of static loads moving along the span of the bridge. 
The internal force history under moving loads at any giv-
en member or connection can be calculated based on the 
shape of the influence line. These internal force histories 

will be converted to stress history in order to calculate 
the cumulative fatigue damage. The impact and dynamic 
load effects are typically not considered explicitly in a tra-
ditional fatigue analysis, but they were included through 
amplification of stress spectrum using a dynamic impact 
factor. The value of impact factor depends on a bridge 
type and it can be referenced from related codes for small 
span bridges. For large span bridges, special analysis pro-
cedures are needed to determine these impact factors. 
The method of moving load is a quite robust approach, 
especially, when the dynamic interaction between the 
vehicle and the bridge is not significant. However, it is 
likely that such a simplified approach could not capture 
the actual dynamic load history experienced by bridge 
structural members.

For steel truss bridges (especially long span ca-
ble-stayed or suspended bridges), because the masses 
of train cars and the bridge girder are comparable, the 
train-bridge coupled vibration contributes a significant 
portion of the bridge overall dynamic response. The vali-
dity of using a simplified moving load static method for 
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bridge joint fatigue evaluation may become questionable. 
Even though, a simplified dynamic amplification factor 
can be used, there is currently no widely accepted basis 
for determination of this factor for long span bridges. 
Currently, there is a lack of fatigue performance studies 
on long span railroad bridges considering their true dy-
namic behaviour. This has provided the impetus for this 
study. 

On the other hand, a significant amount of research 
(Bhatti et al. 1985; Xia, Xu 2000) work was conducted to 
study the vibration of the train–bridge coupled system. 
Although these studies do not address fatigue directly, they 
provided a numerical approach to accurately incorporate 
dynamic response characteristics (Das et al. 2004) of the 
train–bridge system into fatigue evaluation. This paper is 
focused on a comparative study between the accumula-
ted damage resulted from traditional static moving load 
method and a procedure with the train-bridge dynamics 
fully incorporated. As one of the first attempt to investi-
gate this issue, this study seeks to answer the question that 
if there is a difference between these two methods and how 
significant is that difference. Firstly, a train-bridge coupled 
dynamic analysis program developed by the authors was 
used to generate time history of the internal force of the 
members near a critical joint. Then, a detailed FEM (fini-
te element model) for the welded joint was established to 
study the local stress distribution of the joint given mem-
ber force time history. The simplified static moving load 
approach was also conducted parallel to the dynamic study 
as a comparison. A realistic long span cable-stayed bridge 
was used as the prototype, also with a series of different 
train configurations.

2. Case study bridge structure

In order to evaluate the impact of dynamic response on 
bridge joint fatigue life, a long span cable-stayed steel 
truss bridge, carrying 2 train lines, has been investigated. 
The Yujiang bridge (located in Guangxi Province, China), 
shown in Fig. 1, has a main span of 228 m, designed with 
double fan cables and two towers. The bridge has a semi-
floating support configuration at the main tower and it 
utilizes triangle steel trusses as the girder. The cross sec-
tion of the steel truss, which is 15 m wide and 14 m high, 
is showed in Fig. 1. The truss joints are separated at 12 m 
(with the joint number illustrated in Fig. 1, which will be 
used later in this study). All steel members are welded steel 
plate box sections with maximum plate thickness equal to 
44 mm. The dimensions for the top and bottom chords of 
the truss are shown in Fig. 1 as well.

3. Critical joint by static analysis

Welded truss joint was used for this bridge design due 
to its high quality from prefabrication and the labour 
and time savings from straight forward installation on 
a site. The bridge truss contains many joint components 
that are welded together and loaded by multiple mem-
bers from all directions. The stress distribution on these 

joints is quite complicated. Combined with the potential 
residual stress levels from welding process, the fatigue 
performance of such joint structure can be very critical. 
For the example bridge, there is a total of 80 welded joints 
(40 on each side). This study will focus on the worst case 
joint over the length of the bridge based on a static load-
ing analysis.

Since the fatigue behaviour is controlled by stress va-
riation, the joint that experiences the largest stress varia-
tion under the moving static vehicle load may be used as 
the worst case for the entire bridge. In this study, based 
on the Yujiang Bridge design plan, a CRH2 train car load 
pattern (Fig. 2) from the Chinese Railway Code (Code for 
Design of High Speed Railway 2009) was used to perform 
a static influence line analysis. The analysis was conducted 
by BANSYS software developed by the Li et al. (2005). The 
analysis only considered the situation of one side loading 
on a two line bridge (Fig. 2). The envelope for the maxi-
mum moments transferred into each welded joint was 
recorded and presented in Fig. 3.

It can be seen from Fig. 3 that the largest variation of 
end moment in an influence line analysis occurred at the 
joints located closest to the bridge towers. On the loading 
side (where the train load is added, joints A11 and A30 
had moment variation close to 300 kNm. The variation 

Fig. 1. Example bridge for this study, in mm

Fig. 2. Train axle pattern and loading locations for the analysis, 
in mm
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on the non-loading side B is less (which is expected), with 
values at the towers and mid-span varying with a range 
around 200 kNm. The extreme values of the static moment 
at these critical locations have been listed in Table 1.

Based on the static analysis, the joint A30 close to the 
bridge tower was selected as the key joint for detailed fati-
gue analysis. Although, the dynamic loading response will 

be different than static loading, it is expected that the load 
and stresses from these analyses will be strongly correlated. 
On the other hand, even if the joint A30 is not the abso-
lute worst case joint for fatigue limit state over the entire 
bridge, the conclusions made based on A30 comparison 
will still be valid, because the focus of this study is to com-
pare dynamic and static analysis methods relatively.

4. Modelling of the train-bridge dynamic effects

In order to incorporate the effect of train-bridge coupled 
vibration into joint stress analysis, the numerical model-
ling of this study has been divided into two steps. The first 
step has utilized a relatively simple bridge model, but it has 
incorporated the dynamic effects from train-bridge inter-
action. This step has been based on existing simulation 
program for train-bridge vibration that has been validat-
ed extensively. The second step applies the internal force 
time history, obtained from the step 1 analysis to a detailed 
FEM for the welded joint to calculate the stress time his-
tory at critical locations. In this study, a static load analysis 
using moving loads was also performed parallelly to the 
dynamic time history analysis, with the resulted damage 
from both methods compared.

4.1. Rail track irregularity
For train-bridge coupled dynamic analysis, besides the 
moving weight of the train, another main source of excita-
tion is the irregularity of track (Zhai et al. 2009). The ran-
domness nature of the track irregularity may have critical 
impact on internal force of welded joints. Based on pre-
vious researches (Zhai et al. 2013), the irregularity of the 
track can be represented as a stationary process and quan-
tified using a power spectrum density function (PSD). 
Many countries provided recommended PSD for routine-
ly used railway tracks, such as the power spectral density 
function adopted by Federal Railroad Administration of 
the U.S., based on rail testing data. The German high speed 
rail track uneven power spectral density model is the irreg-
ularity model adopted by most of European countries cur-
rently, which include two levels of irregularity to choose 
from.  In this study, the low level spectrum from Germany 
was used for the simulation. The rationality for selection 
of the low level spectrum is to demonstrate the existence 
of the dynamic effect to fatigue damage under even low 
level of track irregularity excitation. The spectrum curves 
for the model were shown in Fig. 4 for horizontal, vertical, 
and directional irregularity respectively.

Fig. 3. Max-min moment envelop transferred to each joint 
under static moving load

Table 1. Maximum and minimum moment transferred to welded 
joint under static moving load

Joint
Moment, kNm

Max Min Difference

A11 293.96 0.0036 293.96
A30 299.44 0.0034 299.44
B11 68.04 –140.19 208.23
B20 0.07 –209.83 209.90
B30 72.27 –136.15 208.42

Fig. 4. Power spectrum density function for rail irregularity (German low level spectrum)
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4.2. Train-bridge dynamic modelling
Dynamic behaviour of train-bridge coupled system has 
been a focus in many recent studies from Europe (Diana 
et al. 1989), Japan, and China (Yang et al. 1997; Yau et al. 
2006) due to the rapid growth of high-speed train network 
in these regions. A viable framework for modelling of 
train-bridge dynamics has been established. A number of 
customized simulation software packages were developed 
by researchers and validated through experimental studies 
(Shifferaw, Fanous 2013; Wang et al. 2014). Most of these 
programs utilize time history integration of dynamic equa-
tions including the train (lumped mass-spring system), the 
bridge (FEM), and the effect of nonlinear wheel-track in-
teraction (contact and creep relationship). As the focus of 
this study is not to develop train-bridge models, an exist-
ing software package BANSYS (Bridge Analysis SYStem; Li 
et al. 2005) that has been validated in previous studies was 
used directly. More detailed description of the model and 
the program were presented in Li et al. (2005) for interested 
readers. The bridge structure was modelled in BANSYS as 
3D frame structure, thus it does not directly return the stress 
time history in the welded joints. Instead, BANSYS model 
returns the time history of the internal forces in every frame 
members connected to the welded joint of interest under 

passing train loads. These internal force time histories were 
later applied to a detailed FEM for the joint (Fig. 5) to ob-
tain the stress time history. The dynamic force and moment 
time history calculated from BANSYS for selected members 
connected to joint A30 were shown in Fig. 6 (member num-
bering shown in Fig.  5). The corresponding force history 
calculated using static loads (running the same model with 
static moving loads) were also plotted and compared. One 
can see from a force time history comparison perspective, 
the difference between the two methods may not seem to be 
significant by visual inspection.

5. Stress analysis of welded joint

In order to obtain the stress time history of the welded 
joint, a detailed FEM for the joint was established using 
general FEM program ANSYS. Fig. 5 showed the geom-
etry for a typical joint design and also the FEM rendering 
from ANSYS for the critical joint. As shown in the figure, 
this joint was welded together as an integrated piece with 
legs extended out, and it was connected to all truss mem-
bers (including the transverse cross beam) using high-
strength bolts. The stress distribution on this component 
can be quite complicated under dynamic loading from all 
the connected members.

Fig. 5. Critical welded joint detail and finite element model

Fig. 6. Internal force time history comparison for selected members
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A thin shell element, Shell63, was used to model 
the joint. Table 2 listed the thickness of the plates used in 
modelling of the joint. The model was auto-meshed using 
100 mm base size elements, except at the joint area where 
a smaller grid at 20 mm was used, the model was divid-
ed into a total of 600 572 nodes and 13 695 elements. The 
members leading into the node were modelled including 

1/3 of their total length in order to eliminate localized ef-
fects on the stresses. At the end of each member, MPC184 
rigid body element was used to establish a rigid zone in or-
der to apply the simulated dynamic internal force loading 
history from BANSYS. The static load history from mov-
ing load analysis was also applied to this model.

Although the time history of the internal forces in 
all the connected members applied to the detailed ANSYS 
model are in self-equilibrium, the joint model still needs 
to be restrained in order to ensure numerical stability 
during the analysis and avoid rigid body movement. Ba-
sed on past research experience, a set of simple boundary 
condition was added to the model, so the system is stati-
cally determinate and stable.

5.1. Stress analysis
Through the detailed joint model and the variation of 
stresses over time can be captured. Based on the stress dis-
tribution characteristics and revealed by the FEM model, 
the intersection points between the lateral beam and the 
welded joint have a relatively large stress concentration. At 
the corners of the connection, the joint is strengthened by 
stiffener plates which also experience high level of stress 
variation. Fig. 7 has showed an illustrative example of the 
change in stress on a stiffener plate within the welded joint 
from the dynamic analysis. In Fig. 8 one can see that there 
is the significant change in Von Mises stress distribution 
between the time step, when the train just arrived at the 
joint (step 556), and when the entire train left the joint (step 
1666). Based on the stress distributions on various parts of 
the welded joint, it was discovered that there is stress con-
centration at the corners of the joint plate and gusset plate. 
These locations will likely represent the worst case loca-
tions within the joint for cumulative fatigue damage. Thus, 
the current example will focus on assessing fatigue dam-
age accumulation at these 4 points, marked a, b, c, and d at 
the corners of the beam-truss intersection. The time history 

Table 2. Plate thickness for the welded joint
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Fig. 8. Stress time history for critical locations
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of Von Mises stresses under passing of one standard train 
with eight cars was plotted in Fig. 8 for these critical loca-
tions. Similarly, the corresponding static load analysis re-
sults were also shown in the figure for comparison.

Similar to the member internal force comparison, 
the comparison between the dynamic and static stresses 
reveals that the dynamic effect seems to be not significant 
if only the maximum stress level is of concern. There are 
variations of stress distribution over different locations on 
the welded joint. The results of dynamic analysis have more 
cycles of stress variation at all examined locations than stat-
ic force analysis. Note that the stress, induced by the bridge 
dead load, has been eliminated from the plots. The maxi-
mum stress happens at close to 2 second and 6 second time 
stamp, because these are the time point when the train head 
arrives and train tail leaves the joint location.

5.2. Fatigue damage analysis
In order to obtain the fatigue damage accumulation re-
sulted from the passing train, classical rain-flow counting 
method was used to obtain the stress spectrum based on 
the stress time history. Firstly, the Miner linear damage ac-
cumulation theory was used to convert variation stress cy-
cles to constant stress cycles. Then, the stress variation am-
plitude was recorded and counted into different bins with 
2  MPa increments. The number of stress cycles that fall 
within the range were counted and plotted, resulting in a 
discrete stress variation count shown in Fig. 9 for all criti-
cal locations (the number on top of the bar plot indicates 
the total number of cycles). Note that both the dynamic 
and static time histories were processed in the same way 
and compared side-by-side.

It can be seen from Fig. 9 that stress variation for dy-
namic cases was constantly higher than that from static 
analysis, which is expected. A more direct comparison of 
the dynamic and static cases can be conducted through 

calculation of the cumulative fatigue damage based on 
Palmgren-Miner rule. Since the objective of this compara-
tive study is to identify the difference of the dynamic and 
static calculation, a relatively simple fatigue damage cal-
culation formulation based on BS5400: Steel, Concrete and 
Composite Bridges – Part 10: Code of Practice for Fatigue 
was adopted. A threshold fatigue failure stress limit (σ0) 
was set to 36 MPa. Based on the traffic condition of the 
bridge in this study, the annual total train traffic is estimat-
ed to be 3484 times/year. The cumulative fatigue damage 
calculation based on BS5400 is:

	 ,	 (1)

and for various stress cycle levels:

	 ,	 (2)

	 ,	 (3)

where n1, n2, …, nn – the total number of repetition of 
stress cycle with amplitudes σ1, σ2, …, σn during the de-
sign life of the structure; N1, N2, …, Nn – the fatigue life of 
the detail under constant stress cycles with amplitudes σ1, 
σ2, …, σn; σ0 – constant amplitude non-propagating stress 
range; σr – Range of stress (stress range) in any one cycle; 
K2 ‒ parameter defining the σr – N relationship for two 
standard deviations below the mean line; m – inverse slope 
of logσr – logN  curve, in this study m = 3.

Based on the discrete stress counts, one can calcula-
te the cumulative damage at the corner points under one 

Fig. 9. Discrete stress variation counts at critical points under one train pass
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train passing and during the total design life (100 Years) 
using Eqs (2)–(3). The results were shown in Table 3.

From the results in Table 3, the cumulative damage at 
all corner points in the example bridge structure is quite 
small (far less than 1.0 over the life of the bridge). Thus 
the design of the welded joint is satisfactory against fa-
tigue failure, which is expected, because this is a realistic 

bridge designed for train loading even higher than CRH2 
type used in this analysis. Based on the damage index, the 
point C represents the worst case scenario for fatigue and 
it will be the focus of sensitivity study later on. One of 
the most significant observations from this analysis is the 
difference between the damage calculated using traditio-
nal static method and the coupled dynamic model. The 
dynamic analysis always produces larger damage accumu-
lation. Among the critical points, considered in this study, 
the cumulative damage calculated considering dynamic 
response is nearly double the damage estimated using sta-
tic method. This reveals a potential need for the inclusion 
of train-bridge coupled analysis for fatigue evaluation of 
railroad long span steel bridges. Although the absolute 
maximum stress values were only slightly affected by the 
dynamic vibration, added number of cycles and increased 
stress variation led to significant difference in fatigue life 
expectance.

6. Sensitivity analysis of loading conditions

In order to evaluate the consistency of this observed differ-
ence between the fatigue damage prediction using static load 
and dynamic simulation, several different loading conditions 
were investigated in this study. Firstly, the same train configu-
ration was applied to different railway track lines. The train 
configuration used was 2 sets (1 trailer + 1 motor + 1 motor + 
1 trailer), added to each of the train lines (side A and B) sepa-
rately with the speed of 200 km/h. The resulted stress spec-
trum from the truss joints at loading and empty sides were 
both shown in Fig. 10 for point C (on side A), together with 
the calculated cumulative damage in Table 4.

The results in Table 4 indicated that the change in 
train configuration and loading location affected the fati-
gue damage in the joint. When the train load was applied 
to the side further away from the joint of interest, the da-
mage is significantly smaller, which is simply expected 
from structural analysis. However, the dynamic approach 
consistently produces about twice as much damage as the 
static load estimation.

In order to further investigate the sensitivity of fati-
gue damage calculation to train configuration, additional 
3 sets of train car arrangements were analysed, as it is 
shown in Table 5. All trains are loaded at the side of the 
critical point C.

Again, the analysis was conducted using both, sta-
tic and dynamic approaches, with a focus on damage 
accumulation at point C. The resulted stress spectrum 

Table 3. Cumulative damage at critical points

Critical points
Damage under one train pass D‘ Life cycle cumulative damage D

Dynamic/Static
Static Dynamic Static Dynamic

a 1.76E-09 2.36E-09 6.13E-04 8.22E-04 134%
b 1.52E-07 2.99E-07 5.29E-02 1.04E-01 196%
c 1.96E-07 3.84E-07 6.83E-02 1.33E-01 195%
d 8.16E-08 1.56E-07 2.84E-02 5.64E-02 198%

Fig. 10. Discrete stress variation counts at point C under 
different line load

Table 4. Cumulative damage at point C under different line load

Line load
Life cycle cumulative damage D Dynamic/

StaticStatic Dynamic
Side A 6.83E-02 1.33E-01 195%
Side B 1.35E-02 2.32E-02 172%

Table 5. Different train car arrangements considered

Case Speed, km/h Car arrangement
1 200 1 motor
2 200 2×(1 trailer + 1 motor + 1 motor + 

1 trailer)
3 200 4×(1 trailer + 1 motor + 1 motor + 

1 trailer)
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and cumulative damage were listed in Fig. 11 and Table 6 
respectively. It is seen that the fatigue damage will incre-
ase when the number of train cars increases. The distinct 
difference between the dynamic and static approaches still 
exists, with dynamic estimation more than double the static 
prediction in some cases.

7. Conclusions

In order to evaluate the impact of dynamic train-bridge 
interaction on the fatigue life of railroad steel bridges, a 
detailed numerical study was conducted to compare the 
accumulative damage on critical welded joint of a two line 
cable-stayed bridge. The fatigue damage was calculated us-
ing two different methods, namely, the traditional static 
moving load method and nonlinear train-bridge coupled 
dynamic simulation. Some interesting conclusions are ob-
tained through this study, including:

1. For steel truss cable-stayed bridges similar to the 
example used here, the worst joint for fatigue analysis is li-
kely to locate close to the main towers. If welded joint detail 
was used, severe stress concentration may occur at the lo-
cation where the transverse beam is welded in to the joint.

2. For typical traffic condition represented by the 
example structure, the cumulative fatigue damage is not 
high over the bridge life span, no matter which estimation 
method is used. The current design for the example bridge 
is satisfactory with regard to fatigue under train loads.

3. The fatigue damage estimated using full dynamic 
simulation is significantly greater than the value estimated 
using traditional static moving load method. This differen-
ce was consistently observed for several different loading 
conditions examined in this study. When the design of a 
railway bridge structure is controlled by fatigue, it is criti-
cal to include the effect of train-bridge dynamic interaction 
or use the appropriate dynamic amplification factors. Ot-
herwise, the design may not be conservative.

4. The fatigue damage for a given location increases 
with the number of train cars included. The traffic volume 
on a railway bridge is another critical design factor for its 
fatigue life.

5. It needs to be noted that this study only looked 
into one example bridge configuration. It is likely that for 
any long span bridges where the train-bridge coupled vi-
bration response is significant, similar conclusions can be 
made. However, analysis including more bridge types and 
configurations should be studied in the future to further 
validate the findings from this study.
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