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Abstract: Combined with current specifications and stress
characteristics of concrete filled steel tubular ( CFST) arch
bridges, the determination principle of safe-middle-failure three-
stage mode is given. Accordingly, damage probability and failure
probability and the corresponding reliability indices are
calculated; a direct relationship between reliability indices and
three-stage working status is made. Based on the three-stage
working mode, a combined FNM ( finite element-neural network-
Monte-Carlo simulation) method is put forward to estimate the
reliability of existing bridges. According to time-dependent
reliability theory, subsequent service time is divided into several
stages; minimum samples required by the Monte-Carlo method
are generated by random sampling; training samples are calculated
by the finite element method, and the training samples are
extended by the neural network; failure probability and damage
probability are calculated by the Monte-Carlo method. Thus, time
dependent reliability indices are obtained, and the working status
is judged. A case study is investigated to estimate the reliability
of an actual bridge by the FNM method. The bridge is a CFST
arch bridge with an 83. 6 m span and it has been in operation for
10 years. According to analysis results, in the tenth year, the
example bridge is still in safe status. This conclusion is consistent
with the facts, which proves the feasibility of the FNM method
for estimating the reliability of existing bridges.

Key words: existing bridges; time-dependent reliability; three-
stage working mode; Monte-Carlo simulation; FNM method

eterioration mechanisms of existing structures have

been identified and studied over the last few decades.
Uncertainties associated with mechanical loading and envi-
ronmental stressors make it difficult to accurately predict the
life-cycle reliability of these structures''™' . Recently, schol-
ars at home and abroad have done much research on this as-
pect. Based on reliability theory, this paper deals with health
monitoring, bridge management, strengthening decision-
making and so on"™'.

At present, reliability assessments of structural members,
structures and engineering systems are based on the safety-
failure two-stage working mode. Academician Wang'® point-
ed out that the working status of members, structures and en-
gineering systems can be divided into three stages, which are
collectively called the safe-middle-failure three-stage work-
ing mode. This is to say that there is a status between safe
status and failure status; that is, a structure is working with
damage. Undoubtedly, the three-stage working mode is in
even more conformity with actual situations. According to
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relevant literature and current specifications, a judgment cri-
terion of the three-stage working mode is given in this pa-
per. The concept of time-dependent reliability indices based
on the three-stage working mode is given. And the working
status of structures can be directly determined by time-de-
pendent reliability indices. It is significant for strengthening
decision-making.

As to the majority of reliability assessment methods
needed by numerical integration, an explicit expression of
the structural performance function is required. The FNM( fi-
nite element-neural network-Monte-Carlo simulation) meth-
od for estimating the reliability of existing bridges proposed
in this paper is new and independent of existing literature.
Without the need of the explicit expression of the structural
performance function, combined with time variant reliability
theory, the FNM method can quantitatively analyze reliabili-
ty indices of existing bridges.

1 Risk Identification

In the aging stage, the process that resistance varies with
time is very complicated and irreversible. The risk factors
can be divided into three hierarchies, which are loading, en-
vironmental effects and material internal causes. First, an an-
alytic hierarchy process is used to calculate the weights of
risk factors. According to the weight of each factor, main
factors are selected, and minor factors are ignored. Second-
ly, samples of main factors are obtained by bridge testing.
However, because of test methods, working environments
and so on, the existence of abnormal samples is inevitable.
These abnormal samples will affect the study function of the
neural network. So these abnormal samples should be rejec-
ted. A fuzzy clustering analytical method is used to solve
this problem. The steps are as follows:

1) Building a fuzzy similar matrix is the key of the fuzzy

clustering analytical method. Let S = {xl,xz, ...,xN} be
samples of fuzzy clustering. Each sample is made up of n
effect factors: x, = {x|, x,, ..., x, }. Then a correlation coef-

ficient method is used to obtain the correlation coefficient of
any two samples x; and x,. Consequently, the fuzzy similar
matrix is structured as

R=(r)yw

~

(1)

2) Reforming similarity relation into equivalence relation.
In general case, R is a fuzzy similar matrix, satisfying sym-

metry and reflexivity, but not satisfying transitivity. So R

needs to be reformed into a fuzzy equivalent matrix R " .

3) Clustering. A maximal tree method is used to rejwect the
abnormal samples, which is satisfied with r; <A =0. 6.

Based on the samples obtained from the above risk identi-
fication method, the random variable and its probability dis-
tribution can be determined by the probabilistic method.
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Then the input variable and the output variable are defined,
and the performance function can be built.

2 Time-Variation of Main Factors
2.1 Vehicle load time-dependent model

The bridge subsequent service time (¢, T,) can be divid-
ed into m equal periods. The length of each period of time is
7=(T,—t,)/m. And the stochastic process of the live load
effect §,(#) can be divided into m maximums of random
variables denoted by S,. Let S, be subjected to an extreme
distribution in 7; then the probability distribution function

s 17
IS”

Fy, (x) =exp{ —expl —a,(x-p)]) (2)

The maximum distribution function of the bridge subse-
quent service time is

Fy (x) =[Fg (0)]" (3)
2.2 Resistance time-dependent model

The value of the load random variable statistical parameter
is obtained by real bridge tests. Based on a lot of experi-
ments and testing results, the time-dependent model of con-
crete intensity and its standard deviation in general atmos-
pheric environments is given as follows'':

The concrete average intensity after ¢ years is

pe(1) =75 )
where u,, is the average intensity of concrete after 28 d, and

77( t) — Kefo.0245(1n171.7154>1 (5a)

The standard deviation of concrete intensity after ¢ years is

o (1) =& oy (5b)

where ¢, is the standard deviation of concrete intensity after
28 d, and

&(1) =0.030 5¢+1.236 8 (5¢)

This model shows that the average intensity of concrete
after 50 years is still greater than the average intensity after
20 d. However, its standard deviation is much higher than
that of 28 d.

The function relation of the elastic modulus and strength

- (8
1S[]

10°

E=375% 33/f,

(6)

Concrete-filled steel tube (CFST) can be converted into

the same material as follows'” :

E_ =0.85[(1-p)E, +pE.] (7)

3 Determination of Three-Stage Mode

The working status of the three-stage mode( see Fig. 1) is
as follows:
The reliability probability is

P,=P(R'>S) =1-P, (8a)

Uggte (S b
1.0
0 Safe region ' Middle region Failure region
[ N -

R R' S
Fig.1 Three-stage mode

where P, is the damage probability.
The middle-status probability is

P, =P(R'=S=R") (8b)
The failure probability(risk probability) is
P, =P(S>R") (8c)

The three working statuses are independent of each other
and complete, and the relationship of their probabilities is

P5+Pm+Pf:1 (9)

As to a CFST arch bridge, the maximum axial force is
taken as a capability index. CFST is treated as reinforced con-
crete members in common structure design'. The carrying
capacity can be calculated according to JTG D62—2004'"" :

N, =fubx +f A -0 A, (10)

When the confinement effect is considered, the carrying
capacity can be calculated according to CESC28—90"""

N,<¢.0.fA (1 +/0 +1.160) (1D)

Obviously, N, < N,. Because the improvement in capacity
originating from the confinement effect is not taken into ac-
count. When N, < N<N,, the load effect on CFST members
will exceed design values. However, it still does not reach
ultimate compressive bearing capacity. Under this condition,
the structure is in the middle status; when N > N,, the struc-
ture is in the failure status. In this way, the three-stage work-
ing mode of a CFST arch bridge can be expressed as fol-
lows:

The reliable probability is

P =P(N<N Nf<L/800)=1-P, (12a)
The middle status probability is
P ,=1-P -P, (12b)
The failure probability( risk probability) is
P, =P(N>N,Uf>L/800) (12¢)

4 FNM Method

Based on time-dependent reliability theory, the bridge
subsequent service time(z,, 7,) can be divided into m equal
periods, such as one year, five years or ten years etc. In each
period, based on the discrete resistance model, the value of
time-dependent resistance R(¢,) (i =1,2, ..., m) is equal to
the mid-value in each period. And the maximum value of
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load effect in each period is S(¢,)(i=1,2, ..., m). So the The damage probability is
failure probability of subsequent service time is as follows: Mo M
M+ M,
P(T,) =P[R(1,) <S(1,) U ... UR(1,) < S(1,)] Po=—", (17¢)

(13)

The damage probability P,(7,) is similar to P,(T,). P,
(T,) and P,(T,) can be worked out by the discretization
method; B,(7T,) and B,(7,) are time-dependent reliability
indices corresponding to P,(7,) and P,(T),).

The relationships of time-dependent reliability indices and
safe-middle-failure three work statuses are as follows:

Safe status

Ba(1) > (14a)
Middle status(damage status)
Ba(1) <P <pB(1) (14b)
Failure status
Br <B(1) (14c)

After obtaining n groups of random samples by risk iden-
tification, the FNM method is used to calculate risk probabil-
ity in this paper. n is the empirical lower limit of the Monte-
Carlo simulation. In order to achieve upper precision, MCS
requires that

(15)

Because the efficiency of the finite element method is rela-
tively low, it is impossible to achieve all sample data by the
finite element method alone. The neural network is used to
solve this problem. Let the maximum limit of the neural
network’s training sample number be equal to N. These N
groups of samples can be worked out by ANSYS PDS. The
rest n — N groups of samples can be achieved by the neural
network. As for the neural network, training samples cannot
be too small; otherwise, the precision of the neural network
will be too low. However, training samples also cannot be
too big; otherwise, the network will be in lack of reasoning
ability. The empirical formula of the topological structure re-

lationship is given by Hunter'"” as follows:
N=14+ h(k+171+1) (16)

where k is the node number of the input layer; j is the node
number of the output layer; and 4 is the node number of the
hidden layer. Among n results, if there are M, failure sam-
ples and M, samples in the middle status, then three proba-
bilities can be calculated as follows:

The reliability probability is

n-M -M,
P = (17a)
n
The failure probability(risk probability) is
M2
P.=— (17b)

The aforesaid is the main idea of the FNM method. The
FNM method is realized by VB 6. 0 and ANSYS PDS in this

paper.
5 Example

The Jiefang Bridge, built in 1998, is one of the super-
large bridges across Zhujiang River in Guangzhou city. The
main span is a three-span CFST through-tied arch with a
span arrangement of 55 m +83. 6 m +55 m. The bridge has
no wide bracing. The total width of the bridge is 25 m.

Through risk identification, the main factors affecting reli-
ability are live loads, temperature effects, crowded loads,
elastic modulis of steel pipe, steel pipe concrete strength,
section loss of arch rib and foundation scouring. Because the
antirust coat of the Jiefang Bridge is 75 mm inorganic zinc-
rich primer +25 mm epoxy sealer + 100 mm epoxy interme-
diate paint +2 x 50 mm dion paint, the protection effect is
very good, and the section loss is not considered in the cal-
culation. To sum up, input random variables are the elastic
modulis of CFST in side span, the elastic modulis of CFST
in middle span, dead loads, crowded loads, live loads, tem-
perature effects, and foundation scouring.

Where, both live load and steel pipe concrete strength are
time-dependent random variables, and the time-dependent
mode is created from the section 2 of this paper. The other
factors are random variables, whose distributed parameters
take values by statistical analysis results of test data. Ac-
cording to Egs. (6) and (7), the concrete elastic modulus
can replace the strength as an input variable in the finite ele-
ment mode. According to statistical testing of y*, the distri-
butions of the section loss of arch rib, the concrete elastic
modulus and the section loss of main reinforcement are
proved not to refuse to follow the lognormal distribution.
Vehicle load effect is proved to be in the extreme distribu-
tion.

As to one variable X, disturbance quantity can be denoted
by a random variable, so X, can be expressed as a sum of a
determined part and a random part,

X, =py (1 +a) (18)

The above input method is used in this example.

A 3D finite element model is shown in Fig. 2. To sum
up, there are 2 528 elements and 1 780 nodes in this model.

Fig.2 3D finite element model

Thinking about double nonlinearity, the New-Raphson it-
erative method is used in the stochastic finite element
solving process. If the solution is divergent, the structure will
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transform into an institution system, and the failure status of
the structure can be determined directly in this case. If the
solution is convergent, the working mode of the structure
can be determined by Eq. (12).

As to a certain time ¢ = 10, 10" samples are obtained by
Monte-Carlo sampling. The subsequent service time is divid-
ed into nine periods. In each period, 1 050 samples are cal-

culated by PDS (see Tab. 1). The remaining (10’/9 -
1 050) x9 samples are analyzed by an optimized BP neural
network. The failure probability and the damage probability
are shown in Fig. 3. And time-dependent reliability indices
and B,(1) of the Jiefang bridge are calculated in this example
(see Fig.4).

Tab.1 Samples of neural network (six groups of numbers chosen)

Side span elastic modulus 1.32x10°"  1.890 x10™' -7.777x107"2 —1.118 x10~' 1.092x10"' 1.187 x10~!
Mid span elastic modulus 1.065x1072  5.617x107% -7.359x107% 1.407 x10~' 1.967 x10~' -1.928 x10~!
Dead load 8.951 x107%  7.323x1072 -6.534x107% 1.374x10"" 1.243x10""  1.990 x 10!
Input Crowded load 1.620x107"  -3.382x107! —-1.642x107! -9.500x10"' 4.283x10°! -1.295x10""
Live load -9.806 x1073 3.187x107" 3.337x10"'  4.392x10"! 2.939x10°! 4.764 x10"!
Temperature effect 4.022x107" 3957 x107"  -9.731 x107' 6.128 x10™" -4.670x10"" 9.306 x10 !
Foundation scouring 8.041 x1072  -9.254x107" -9.565x1072 2.272x1072 -6.821 x10™" —-3.255x10"!
Side span maximum axial force/N  -9.388 x10° —1.113 x10” -9.640 x10° —1.195x107 -1.137 x10"  —1.305 x 10’
Mid span maximum axial force/N  —1.365x107 -1.587 x10”7 -1.376 x10" -1.711 x107 -1.632x107 —1.857 x10’
Side span maximum deflection/m -3.298 x 10> -4.580 x10 72 —-4.911 x1072 -5.145x107% -3.724 x107% -7.022 x10"!
Output Mid span maximum deflection/m -5.202 x10 "2 -7.928 x1072 -8.151 x1072 -8.451 x1072 -6.126 x1072 —1.053 x10 !
N, in mid span/N 1.791 x 107 1.789 x 107 1.785 x 107 1.785 x 107 1.787 x 107 1.793 x 107
N, in mid span/N 2.607 x 107 2.607 x 107 2.606 x 107 2.607 x 107 2.607 x 107 2.607 x 107
N, in side span/N 1.313 x 107 1.310 x 107 1.311 x 107 1.312 x 107 1.311 x 107 1.312 x 107
N, in side span/N 2.028 x 107 2.027 x 107 2.028 x 107 2.028 x 107 2.027 x 107 2.028 x 107
Judgement Safe Safe Safe Safe Safe Damage
67 normal conditions, when ¢ =80, 8,(#) < B, <B;(t), the
st ™ Pa(t) Jiefang Bridge will fall into the middle status after eighty
—— P (1) years, and the structure needs maintenance and strengthe-
e 4 ning.
% 3t Combined with current specifications, the FNM method
Qz Al presented in this paper proposes the determination method
A of the three-stage working mode. Considering both time-de-
1r pendent effects of resistance and load, the FNM method can
0 - work out bearing capability, reliability indices and remai-
0 0 0 0 % oo ning life of existing bridges in their service time. A case

t/year
Fig.3 Time-dependent failure probability and damage probability

Ba, B
N
[e)

405 0 40 60 80100

t/year
Fig.4 Time-dependent reliability indices

6 Conclusion

Because the safety grade of the Jiefang Bridge is of the
first order, according to GB/T 50283—1999'"', B8, =4.7.
According to analysis results(see Fig.4), when ¢ =10, 8,(¢
=10) =8.4509,8,(t=10) =7.213 2. 8,(t =10) >B,(t =
10) > B;. The Jiefang Bridge is in safe status in the tenth
year. The conclusion is consistent with test results. Under

study is investigated using the FNM method to estimate the
reliability of existing bridges. The example shows that the
FNM method is reasonable, simple and practical, which is
significant for the reliability analysis of a large structure.

However, because the test sample is very limited, the age
of the example bridge is relatively young, and there is some
initial damage as well, errors are inevitable. Our future work
is further testing and more reasonable sampling.
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