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a b s t r a c t

Long-span steel suspension bridges carrying both highway and railway have been built in wind-prone
regions. The fatigue assessment of such bridges under the combined action of railway, highway, and wind
loading represents a challenging task in consideration of uncertainties in both fatigue loading and fatigue
resistance. This paper presents a framework for fatigue assessment of a long-span suspension bridge
under combined highway, railway, and wind loadings using a continuum damage model. The continuum
damage model (CDM) is first established based on continuum damage mechanics with an effective stress
range and an effective nonlinear accumulative parameter to represent all of the stress ranges within a
daily block of stress time history of the bridge. The CDM is then applied to estimate damage accumulation
of the Tsing Ma suspension bridge at fatigue-critical locations, and the results are compared with those
estimated by the linear Miner’s model. A limit state function for fatigue reliability analysis based on CDM
is also defined by introducing proper random variables into CDM. The Monte Carlo simulation (MCS) is
then adopted to generate the random variables and to calculate failure probability. Finally, the failure
probabilities of the Tsing Ma Bridge at the end of 120 years are estimated for different loading scenarios.
The results demonstrate that the fatigue condition of the Tsing Ma Bridge at the end of its design life
depends on loading scenarios.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Long-span steel suspension bridges carrying both highway and
railway have been built in wind-prone regions. The fatigue assess-
ment of such bridges under the combined action of railway, high-
way, and wind loading represents a necessary but challenging task.
The fatigue assessment of a multi-loading suspension bridge shall
be based on multiple loading-induced stress response time histo-
ries rather than the simple summation of fatigue damage induced
by individual loading. As a result, databases of railway, highway,
and wind loading shall be built and the corresponding stress time
histories shall be generated in different ways because of different
properties of loading type. Also, given that a great number of mul-
tiple loading-induced stress response time histories are required
for a complete fatigue assessment, a computationally efficient ap-
proach for dynamic stress analysis and an engineering procedure
for determining fatigue-critical locations shall be developed. Fur-
thermore, fatigue damage accumulation involving fatigue crack
initiation and growth is actually a nonlinear process during the
service life of a bridge [1,2]. The fatigue damage accumulation also

involves many uncertainties in both fatigue loading and fatigue
resistance [3,4]. For a bridge subjected to multiple types of loading,
uncertainties become more complicated, making the fatigue
assessment of such a bridge difficult to be performed.

The Miner’s rule is widely used in civil engineering for fatigue
damage and reliability analysis of steel structures [4,5]. However,
the Miner’s rule is a linear damage model and does not address ac-
tual physical mechanism of fatigue crack initiation and growth.
The Miner’s rule also does not consider the fatigue loading
sequence effect, leading to either overly optimistic or pessimistic
results [6]. Fatigue damage models based on continuum damage
mechanics have been recently proposed in the field of engineering
mechanics to deal with the mechanical behavior of a deteriorating
medium at the continuum scale [7–9]. These fatigue damage mod-
els are highly nonlinear in terms of damage evolution. Some of
these models were also tried by some researchers to estimate fati-
gue damage of long-span suspension bridges under single type of
loading [10,11], but none of these investigations refer to fatigue
damage assessment of suspension bridges under multiple types
of loading and fatigue reliability analysis with uncertainties.

In this connection, this paper presents a framework for fatigue
assessment of a long-span suspension bridge under combined
highway, railway, and wind loadings using a continuum damage
model. The continuum damage model (CDM) is first established
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based on continuum damage mechanics with an effective stress
range and an effective nonlinear accumulative parameter to repre-
sent all of the stress ranges within a daily block of stress time his-
tory of the bridge. The CDM is then applied to estimate damage
accumulation of the Tsing Ma suspension bridge at fatigue-critical
locations, and the results are compared with those estimated by
the linear Miner’s model. A limit state function for fatigue reliabil-
ity analysis based on CDM is also defined by introducing proper
random variables into CDM. One of the random variables is the dai-
ly sum of m-power stress ranges, and its probability distribution is
determined based on the measurement data recorded by the struc-
tural health monitoring system installed in the bridge. The Monte
Carlo simulation (MCS) is then adopted to generate the random
variables and to calculate failure probability. Finally, the failure
probabilities of the Tsing Ma Bridge at the end of 120 years are
estimated for different loading scenarios.

2. Continuum damage model

The continuum damage model (CDM) proposed in this study for
fatigue assessment of long-span suspension bridges under multiple
loadings is based on continuum damage mechanics with an effec-
tive stress range and an effective nonlinear accumulative parame-
ter to represent all of the stress ranges within a daily block of stress
time history of the bridge. Thus, the basic theory of the continuum
damage mechanics is briefly introduced first for the sake of
completion.

2.1. Basic theory of continuum damage mechanics

The damage growth of a material is considered to consist of a
progressive internal deterioration that causes some loss in the
effective cross-section area that carries loads. In the continuum
damage mechanics, the damage index D for isotropic damage is of-
ten defined as

D ¼ S� eS
S

ð1Þ

where S is the nominal cross-section area and eS is the effective
cross-section area when loss due to damage is taken into account.
Based on thermodynamics and dissipation potential, the rate of
damage for high-cycle fatigue can be expressed as a function of
the accumulated micro-plastic strain, the strain energy density re-
lease rate, and the current state of damage [8]. The micro-plastic
strain, which is often neglected in a low-cycle fatigue problems,
and its accumulation must be considered for high-cycle fatigue
damage, even if macro-plastic strain is not present [12]. In a one-
dimensional situation, the equation for the rate of fatigue damage
_D can be given as

_D ¼ r2jr� �rjb
0

B0ð1� DÞa
h _ri ð2Þ

where �r ¼ rm is the mean stress over the stress cycle; the symbol hi
denotes the McCauley brackets, where hxi = x for x > 0 and hxi = 0 for
x < 0; and a, b0, and B0 are the material parameters. Eq. (2) is a gen-
eral constitutive model for high-cycle fatigue and can be integrated
over time for cycles with different mean stresses and stress ranges.
For instance, if �r ¼ 0 and the variation of (1 � D)a in a single stress
cycle is neglected, then integrating Eq. (2) over the cycle yields

dD
dN
¼ 2rb0þ3

a

B0ðbþ 3Þð1� DÞa
ð3Þ

where ra is the amplitude of the stress cycle. By considering the
mean stress effect [13], Eq. (3) can be rewritten as [12]:

dD
dN
¼ ½ðrr þ 2rmÞrr�

ðb0þ3Þ
2

Bðb0 þ 3Þð1� DÞa
ð4Þ

where B ¼ 2b0þ2B0. Integrating this equation over N stress cycles, in
which rm = 0 and rr = constant, yields the damage accumulation.

D ¼ 1� 1� ðaþ 1Þ
Bðb0 þ 3Þ ðrrÞðb

0þ3ÞN
� � 1

ðaþ1Þ

ð5Þ

Many experiments have been conducted on the fatigue failure
of structural details under different constant stress ranges, and
S–N curves have been established based on these experimental re-
sults [14]. Given that far few experiments have been conducted to
determine the parameters B, b0, and a in Eq. (5), they can be ex-
pressed by using parameters of the S–N curves [10]. The number
of stress cycles to failure Nf under the stress range rr

(rr P rr ;0;rr,0 is the fatigue limit) can be determined based on the
British S–N curves [14].

Nf ¼ K2ðrrÞ�m ð6Þ

Eq. (5) can then be written as

Nf ¼ 1� ð1� Df Þðaþ1Þ
h iBðb0 þ 3Þ

ðaþ 1Þ r�ðb0þ3Þ
r ð7Þ

where the damage at failure, Df, is an intrinsic material property
that is dependent on the durability of the material [1,15]. As the val-
ues of a adopted for different amplitudes of stress ranges occurring
on a bridge are deemed to be sufficiently large to make
½1� ð1� Df Þðaþ1Þ� very close to one, the parameters B, b0, and a can
be expressed by m and K2 by comparing Eqs. (6) and (7).

b0 þ 3 ¼ m
Bðb0þ3Þ
aþ1 ¼ K2

(
ð8Þ

Substituting this equation into Eq. (5) gives

D ¼ 1� 1� 1
K2
ðrrÞmN

� � 1
aþ1

ð9Þ

To extend the approach to fatigue analysis under variable-
amplitude loading, Eq. (9) is expressed as

DðkÞ ¼ 1� ð1� Dðk� 1ÞÞðakþ1Þ � ðrr;kÞm=K2

h i 1
akþ1 ð10Þ

where rr,k and ak are the stress range and nonlinear accumulative
parameter for the kth stress cycle, respectively, and D(k) is the
cumulative fatigue damage after the kth stress cycle. The equation
can also be derived using stepwise iteration from the initial damage
D(0) = 0.

Dð1Þ ¼ 1� 1� ðrr;1Þm=K2
� � 1

a1þ1

Dð2Þ ¼ 1� ð1� Dð1ÞÞða2þ1Þ � ðrr ;2Þm=K2

h i 1
a2þ1

� � �

DðkÞ ¼ 1� ð1� Dðk� 1ÞÞðakþ1Þ � ðrr;kÞm=K2

h i 1
akþ1

8>>>>>><>>>>>>:
ð11Þ

2.2. Nonlinear properties of fatigue damage accumulation

Fatigue damage accumulation is nonlinear because it is induced
by fatigue crack initiation at a very slow pace, then fatigue crack
growth at a relatively fast pace, and finally fatigue failure suddenly.
In the continuum damage mechanics-based fatigue damage model,
the nonlinear accumulative parameter a is the parameter that con-
trols the nonlinearity. Numerical simulations are carried out at this
point to study the sensitivity of a to fatigue damage accumulation.
In the simulations, the constant stress range rr = 80 MPa is used,

28 Y.-L. Xu et al. / International Journal of Fatigue 40 (2012) 27–35



Download English Version:

https://daneshyari.com/en/article/777741

Download Persian Version:

https://daneshyari.com/article/777741

Daneshyari.com

https://daneshyari.com/en/article/777741
https://daneshyari.com/article/777741
https://daneshyari.com

