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Fig. 1. Approaches to estimate remaining useful life
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t=-0.066T+normal (25.57,0.118)

t=-8RH+normal (12.65,0.242)

stage 1 stage 2 stage 3 stage 4 stage 5 stage 6
Get Data Bayesian network of The obtalneq rel:fltlonshlp of eiach ) ‘ Proposed
parameter with time by Bayesian data generation Bayesian network equation for
Graph each parameter S
network estimation of t2
{=0.144C+normal (0.92,0.556)
t=0.634D+normal (-4.04,0.398)
v
t=0.44Ct+normal (8.164,0.198) @ &
o = oo -
t=-18Wec+normal (14.25,0.129 =
Ref. [22] ( ) =y s Equation
)
(e

EH

Ea

=-0.0907Ec+normal (8.81,0.144)

t=-0.696Kic+normal (8.98,0.151)

Table 1. Steps of establishing a database to obtain the Bayesian network for the propagation stage
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Fig. 6. Summary flowchart of the proposed method for
determining the RUL
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Parameters

Jetty code € @ Q % ) <] ) > T O] :
H £ S s 2z 2= s 2 = g

= 3 = S 22 = = @ g

A 200 70.25 0.31 2 328 294 35% 0 0 7%

B 200 71.5 0.46 3 328 294 35% 0 0 7%

C 200 74.2 1.0876 4 328 294 35% 0 0 7%

D 200 59.8 0.726 5 328 294 35% 0 0 7%

E 200 38.9 1.986 6 328 294 35% 0 0 7%

Table 2. Data used to determine t; in the first case study
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Parameters
Jetty code g ,g & S _ :?: = o o
S 2 = 3 = =
A 70.25 18 0.31 0.35 311 60% 30e4 2.07
B 71.5 18 0.46 0.35 311 60% 30e4 2.07
C 74.2 18 1.0876 0.35 311 60% 30e4 2.07
D 59.8 18 0.726 0.35 311 60% 30e4 2.07
E 389 18 1.986 0.35 311 60% 30e4 2.07
Table 3. Data used to determine t; in the first case study
rlizee gla oy 5healinad b ol sl ol ss laojle 48 ez 0 liledl ke jos ol s lie of g
Jetty code RUL (years) RUL (’years) RUL (years) RUL (years)
[17] [Fick’s law] [Life-365] [proposed methodology]

A 27 22.36 342 28.38

B 29 19.47 30.8 26.88

C 32 33.58 283 30.64

D 21 26.1 26.2 25.23

E 10 13.71 11.5 12.62

Table 4. Comparison of life time results of Persian Gulf marine structures obtained from different methods
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Fig. 8. Numerical model of bridge with reinforced
concrete deck (second case study)
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pessimistic state Optimistic state

Basic Variables Variable Name Unit state (1) state (2)
Cover depth C [mm] 0.05 75
Diameter of steel bar D [mm] 8 25
Chloride content Ce [wt.%/cement] 0.65 0.204
Water-to-cement ratio w/c [-] 0.70 0.35
Temperature T [Kelvin] 333 273
Relative humidity RH [%] 98 65
Elastic Modulus E. [MPa] 80e4 25e4
Cracking fracture K¢ [MPaym] 12 2
toughness

Time t [years] tppps = 2.73 topr = 9.116

Table 5. useful life time of propagation phase using Bayesian network in different states
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n=671 n=3000
AMAD = M MAD  16.777 6.231

MSE = M MSE  442.790 54.158
RMSE = jﬂ RMSE  21.043 7.359
n
T
wapE <A1 0o MAPE 39655 60.636
corr R(xy) 0.86 1.00
_ Srea(A—Fp)?
Ns=1 — SR NS 0.695 0.976
MAE = ZAt -F MAE 7.29 6.09
R? R? 0.73 0.99
(A —F)? SSE 29666929 162474.99

Table 6. error estimation indices values for different
number of training data
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Abstract:

Structures, including concrete bridges, may be exposed to gradual damage during operation due to
environmental conditions such as corrosion, which will reduce their useful life. Knowing the amount of
remaining useful life of the structures makes it possible to improve, strengthen or rebuild them at the right
time. To determine the remaining useful life of a structure, there are three common methods under the titles of
data-driven method, failure physics method and combined method. In this article, the combined method of
determining the remaining useful life of structures has been studied. The purpose of this research is to propose
a suitable method for predicting the remaining useful life of a bridge structure with a reinforced concrete deck
under chloride ion corrosion using a Bayesian network. The remaining useful life of reinforced concrete parts
under chloride attack includes two parts of the time related to the initial stage of corrosion and the time related
to the release of chlorine ions. To determine the remaining useful life part related to the initial stage, various
researches have been done and the American ACI365 committee has proposed a software called Life-365 for
this purpose. There is no comprehensive research to determine the second part of the remaining life, which is
related to the release stage. Based on the prepared Bayesian network and the formula obtained in this research,
the remaining life of the chloride diffusion stage in concrete was estimated to be 9.116 years in the best
conditions and 2.73 years in the worst conditions. Meanwhile, the number suggested by the ACI365 committee,
in practical work, is usually equal to 6 years for the release stage. This issue clarifies the need for more research
in this regard. In this article, using the data available in past researches and reproducing the data and using the
Bayesian network, relationships are presented to determine the useful life of the bridge structure in both the
initial and release stages.Based on the proposed method, using the Bayesian network, relationships can be
obtained for each of the two parts of the remaining useful life of the structure under chloride corrosion, i.e.,
the corrosion initiation stage and the chloride release stage, in terms of factors affecting the remaining useful
life in a specific project. . In these networks, the effect of various factors can be considered, which is one of
the advantages of the proposed method.The remaining useful life has an inverse relationship with temperature.
When the average temperature increases by 20 degrees, the remaining useful life decreases by an average of
30%.With the help of the proposed relationships, a parametric study was conducted to investigate the effect of
different conditions of using pozzolanic compounds on the remaining life of the structure. In this regard, 17
states of different pozzolanic compounds with different concentrations were considered and the average
remaining useful life due to different states was calculated. The average life obtained compared to the case
where no pozzolan is used in concrete showed a 38% increase in life. In order to evaluate the results of the
proposed relationships, the problem of determining the remaining useful life for a numerical model of a
concrete bridge and several marine structures located in the Persian Gulf was investigated. The results of this
research show that by using the proposed relationships, it is possible to improve the accuracy of estimating the
remaining useful life of bridges with concrete decks exposed to chloride ion penetration, relying on the data
obtained from the field inspections of the structure.

Keywords: Concrete bridge deck, chloride ion, residual useful life, data-driven method, Bayesian network.
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