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Abstract: Due to the increasing demand for maintaining deteriorating bridges efficiently, life-cycle bridge performance and cost 
analysis have been investigated extensively. A deteriorating bridge should be maintained to keep its performance above the predefined 
safety target. Maintaining a larger safety target requires a larger maintenance cost and results in a reduced probability of failure during 
the service life of a deteriorating bridge. This paper presents a probabilistic approach to determine the target performance level for 
life-cycle bridge management at the network-level. The target reliability indices of the individual bridges in a network are determined 
by simultaneously maximizing the reliability index of the bridge network and minimizing the expected maintenance cost over a 
predefined time period. An application of the proposed methodology is presented.  
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1. Introduction 
Deteriorating bridges should be maintained to ensure the 
safety during their service life cost-effectively (AASHTO 
2007; FHWA 2015; Frangopol & Liu 2007). Along with 
increasing demand for maintaining deteriorating bridges 
efficiently, life-cycle bridge performance and cost analysis 
have been investigated extensively during the last two 
decades (Frangopol & Soliman 2016). In general, the 
bridge owners and management agencies manage multiple 
bridges in a given region. In order to achieve the efficient 
service life management of multiple bridges in a network, 
life-cycle bridge performance and cost analysis at the 
network level are essential (Bocchini & Frangopol 2011; 
Hu et al. 2015; Yang & Frangopol 2018).  

Maintenance types can be categorized into preventive 
and essential. As shown in Figure 1, preventive 
maintenance is performed at scheduled times, resulting in 
a reduction of the deterioration rate. The essential 
maintenance is performed when the bridge reliability 
reaches a target reliability index. The optimum life-cycle 
bridge management considering preventive and essential 
maintenances is generally affected by the target reliability. 
For example, if the target reliability index tg,2 is larger 
than tg,1, tg,2 leads to earlier essential maintenance, as 
shown in Figure 1. Finally, more frequent essential 
maintenance and larger maintenance cost can be induced 
by applying tg,2 instead of tg,1. However, a larger safety 
of a bridge with tg,2 is expected during its given service 
life than that associated with tg,1.  

Several codes and standards including EN1990 (2002), 
ISO2394 (2015), ISO13822 (2010), and ASCE 7-10 (2013) 
prescribe the target reliability indices for a wide range of 
engineering structures. However, these target reliability 
indices are prescribed for the design of new structures and 
may not be appropriate for management of existing bridges. 
If the same target reliability index is applied for the design 
of a new bridge and bridge management, the bridge 
management may be uneconomical (Vrouwenvelder & 
Scholten 2010; Kim et al. 2020). Therefore, target 
reliability index for bridge management needs to be 
determined appropriately.  

 

Figure 1. Reliability index profile with preventive and essential 
maintenances. 

 
This paper presents a probabilistic approach to 

determine the target performance level for life-cycle bridge 
network management. The target reliability indices of the 
individual bridges in a network are determined using the 
multi-objective optimization associated with maximizing 
the reliability index of the bridge network and minimizing 
the expected maintenance cost over a predefined time 
period. When the same and different target reliability 
indices of the individual bridges are applied, the bridge 
network reliability indices and expected total maintenance 
costs of the Pareto solutions are compared. Furthermore, 
the relationship between the number of individual bridges 
in the network and the target reliability indices of the 
bridges are investigated. An application of the proposed 
methodology is presented. 
 

2. Bridge Network Reliability 
The bridge network reliability Ps,net is expressed as (Liu & 
Frangopol 2005, 2006):  
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where Nbn is the number of branches for the connected 
bridge network; and Pb,i is the occurrence probability 
associated with the ith branch. Assuming that the 
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individual bridges in the network are statistically 
independent, the occurrence probability Pb,i is computed as:  
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where S and F are the sets of bridges associated with safe 
and failure sates, respectively; Ns,i and Nf,i are the number 
of bridges in the sets S and F, respectively; and Ps,j is the 
reliability of the jth individual bridge. 

When the bridge network consists of three individual 
bridges connected in series as shown in Figure 2(a), the 
number of branches for the connected bridge network Nbn 
is one. According to Eq. (1), the bridge network reliability 
Ps,net becomes  
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For the bridge network with three individual bridges 
shown in Figure 2(b), Nbn is three. Therefore, the bridge 
network reliability Ps,net is equal to 
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(b) 

Figure 2. Bridge network connectivity: (a) series system; (b) 
series-parallel system. 

 
The relation between the bridge network reliability Ps,net 
and reliability index net is  

 1
net s ,netP    (5)

 

3. Maintenance Cost  
The maintenance cost of the bridge network is the total 
required cost for maintaining all the individual bridges in 
a network. For a predefined time period tpd, the expected 
total maintenance cost E(Cma) of a bridge network is 
computed as (Kong & Frangopol 2004a) 
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where Nb is the number of individual bridges in the bridge 
network; rty,i and rsz,i are the parameters representing the 
type and size of the ith bridge, respectively; fi(t) is the 
probability density function (PDF) of the maintenance to 
be applied for the ith bridge; and Ci(t) is the maintenance 
cost function. Considering that the essential maintenance 
is applied when the bridge reliability index reaches its 

target value tg, the cumulative distribution function (CDF) 
associated with the PDF fi(t) in Eq. (6) is computed as 
(Kong & Frangopol 2005) 

    i i tg ,iF t P t     (7)

where i(t) is the reliability index of the ith individual 
bridge at time t. The maintenance cost function Ci(t) in Eq. 
(6) is (Kong & Frangopol 2004b)  

    i i iC t f t ,     (8)

where i is the reliability improvement resulted from the 
application of the maintenance.  
 

4. Target Reliability Index Considering Bi-Objectives 
An increase in the target reliability of a bridge or a group 
of bridges in the network can lead to an increase in the 
bridge network reliability. However, additional 
maintenance cost is required. In order to address these 
conflicting objectives optimally, a bi-objective 
optimization problem needs to be solved. The associated 
bi-objective optimization is formulated as 

 Find tg = {tg,1, tg,2, …. tg,Nb} 
 For maximizing net, and minimizing E(Cma)  
 Subject to lb  tg,i   ub 

The design variables of this bi-objective optimization are 
the target reliability indices tg,i of the individual bridges 
(or bridge groups) in the network. The objectives are 
maximizing the bridge network reliability index net and 
minimizing the expected total maintenance cost E(Cma). 
The bridge network reliability index net is formulated with 
the target reliability indices of the bridge groups using Eqs. 
(1) and (5). The expected total maintenance cost E(Cma) is 
computed using Eq. (6). tg,i should range between the 
lower and upper bounds of the reliability index (denoted as 
lb and ub, respectively). In this study, lb and ub are 
assumed as 2 and 4, respectively. 

The bi-objective optimization to determine the target 
reliability index is applied to an existing bridge network in 
South Korea. To reduce the number of design variables and 
computational cost of the bi-objective optimization 
problem, the individual bridges are grouped. Figure 3 
shows the bridge network, in which three cities (i.e., 
Gwangju, Suncheon and Yeosu) are connected. This 
illustrative example is investigated to compare the Pareto 
solutions when the single and multiple design variables 
(i.e., same and different target reliability indices) are 
applied. For the formulation of the bi-objectives for the 
bridge network in Figure 3, information including the size, 
type, initial reliability index, maintenance cost function 
and reliability deterioration profile of each individual 
bridge is required. Most of the associated information can 
be found in Frangopol et al. (2001), Kong & Frangopol 
(2003, 2004a), MOLIT (2018), and Kim et al. (2020).  

The Pareto solutions of the bi-objective optimization 
are solved using the multi-objective genetic algorithm in 
the MATLAB version R2016b. The computed Pareto 
solutions for the bridge network in Figure 3 are illustrated 
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in Figure 4. When the target reliability index is uniformly 
applied, the number of design variables is one (e.g., tg,g = 
tg,g1 = tg,g2 … = tg,g14 for the bridge network in Figure 3). 
If each bridge group has its own target reliability index, the 
number of design variables is equal to the number of bridge 
groups in the network (e.g., tg,g1  tg,g2 …  tg,g14 for the 
bridge network in Figure 3). Table 1 provides the objective 
values of the representative solutions (i.e., AS,1, AD,1, AD,2) 
in Figure 4. 
 
 

 
Figure 3. Schematic layout of the bridge network consisting of

Gwangju, Suncheon and Yeosu cities in South Korea.
 

Figure 4. Pareto solutions of the bi-objective optimization for the 
bridge network in Figure 3.  

 

Table 1. Objective values of solutions in Figure 4. 

Solutions 
Objective Values 

net E(Cma) (USD) 

AS,1 4.33 7.25  106 

AD,1 4.33 5.03  106 

AD,2 5.18 7.25  106 

 
As shown in Figure 4 and Table 1, solution AS,1 

associated with the same target reliability index requires 
the expected total maintenance cost E(Cma) of $7.25  106, 
which is the same E(Cma) of solution AD,2 associated with 

different target reliability indices. However, solution AS,1 
results in less net than solution AD,2 (i.e., net = 4.33 for 
solution AS,1 and net = 5.18 for solution AD,2). While 
solutions AS,1 and AD,1 have the same net, solution AS,1 
requires 44% additional maintenance cost E(Cma) than AD,1. 
From Figure 4 and Table 1, it can be found that the 
alternative with different target reliability indices leads to 
larger net for the same total maintenance cost if compared 
to the alternative based on the same target reliability index. 

 

5. Conclusions 
This paper presents an approach to determine the target 
reliability index for life-cycle bridge network management. 
From the bi-objective optimization based on maximizing 
the bridge network reliability index and minimizing the 
expected total maintenance cost of the bridge network, the 
Pareto set associated with the target reliability indices of 
the bridge groups in the network is obtained. The bridge 
network reliability indices and expected total maintenance 
costs of the Pareto solutions are compared when the same 
and different target reliability indices of the bridge groups 
are considered.  

Acknowledgments 
The support by grants from (a) the National Science 
Foundation (NSF) Award CMMI-1537926, (b) the 
Commonwealth of Pennsylvania, Department of 
Community and Economic Development, through the 
Pennsylvania Infrastructure Technology Alliance (PITA) 
and (c) the National Research Foundation of Korea (NRF) 
by Ministry of Science and ICT of Korean government 
Award NRF-2018R1C1B5044084 is gratefully 
acknowledged. The opinions presented in this paper are 
those of the authors and do not necessarily reflect the views 
of the sponsoring organizations. 

References 
ASCE 7-10. 2013. Minimum Design Loads for Buildings 

and Other Structures. American Society of Civil 
Engineers, Reston, VA. 

AASHTO 2007. AASHTO Maintenance Manual for 
Roadways and Bridges. 4th Edition, American 
Association for State Highway and Transportation 
Officials (AASHTO), Washington, D.C.  

Bocchini, P., and Frangopol, D. M. 2011. A probabilistic 
computational framework for bridge network optimal 
maintenance scheduling. Reliability Engineering & 
System Safety, 96(2): 332–349. 

Diakoulaki, D., Mavrotas, G., and Papayannakis, L. 1995. 
Determining objective weights in multiple criteria 
problems: The critic method. Computers & Operations 
Research, 22(7): 763–770.  

EN1990. 2002. Eurocode – Basis of Structural Design. 
Brussels: CEN. 

FHWA. 2015. Bridge Maintenance Reference Manual. 
Publication No. FHWA-NHI-14-050, Federal 
Highway Administration (FHWA), Washington, D.C. 

Frangopol, D.M., Kong, J. and Gharaibeh, E. 2001. 
Reliability-based life-cycle management of highway 
bridges. Journal of Computing in Civil Engineering, 
5(1): 27–34.  

Gwangju
City 

Suncheon 
City 

Yeosu
City 

G1

G2

G3

G4

G6

G8

G7

G10

G91

2

3

4

5

6

G12
G14

G13

G11

N

5 km

G5

Bridge network reliability index net

E
xp

ec
te

d 
to

ta
l m

a
in

te
n

an
ce

 c
o

st
 

E
(C

m
a
) 

(U
S

D
)

Pareto set for the same 
target reliability index

AD,1

AD,2

AS,1

Pareto set for different 
target reliability indices



The Seventh Asian-Pacific Symposium on Structural Reliability and Its Applications (APSSRA2020) 
October 4–7 2020, Tokyo, Japan 

T. Takada, I. Yoshida & T. Itoi (editors) 

Frangopol, D.M., and Liu, M. 2007. Maintenance and 
management of civil infrastructure based on condition, 
safety, optimization, and life-cycle cost. Structure and 
Infrastructure Engineering, 3(1): 29–41. 

Frangopol, D.M., and Soliman, M. 2016. Life-cycle of 
structural systems: recent achievements and future 
directions. Structure and Infrastructure Engineering, 
12(1): 1–20.  

Hu, X., Daganzo, C., and Madanat, S. 2015. A reliability -
based optimization scheme for maintenance 
management in large-scale bridge networks. 
Transportation Research Part C: Emerging 
Technologies, 55: 166-178. 

ISO 13822. 2010. Bases for Design of Structures – 
Assessment of Existing Structures. Geneve: ISO 
TC98/SC2.  

ISO 2394. 2015. General Principles on Reliability for 
Structures. 4th Edition, Geneve: Autor. 

Kim, S., Ge, B., and Frangopol, D.M. 2020. Optimum 
target reliability determination for efficient service life 
management of bridge networks. Journal of Bridge 
Engineering, accepted. 

Kong, J., and Frangopol, D.M. 2003. Life-cycle reliability-
based maintenance cost optimization of deteriorating 
structures with emphasis on bridges. Journal of 
Structural Engineering, 129(6): 818–828.  

Kong, J. and Frangopol, D.M. 2004a. Prediction of 
reliability and cost profiles of deteriorating bridges 
under time- and performance-controlled maintenance. 
Journal of Structural Engineering, 130(12): 1865–
1874. 

Kong, J. and Frangopol, D.M. 2004b. Cost–Reliability 
Interaction in Life-Cycle Cost Optimization of 
Deteriorating Structures. Journal of Structural 
Engineering, 130(11): 1704–1712. 

Kong, J. and Frangopol, D.M. 2005. Sensitivity analysis in 
reliability-based lifetime performance prediction using 
simulation. Journal of Materials in Civil Engineering, 
17(3): 296–306.  

Liu, M. and Frangopol, D.M. 2005. Balancing connectivity 
of deteriorating bridge networks and long-term 
maintenance cost through optimization. Journal of 
Bridge Engineering, 10(4): 468–481. 

Liu, M. and Frangopol, D.M. 2006. Probability-based 
bridge network performance evaluation. Journal of 
Bridge Engineering, 11(5): 633–641.  

MOLIT. 2018. Yearbook of Road Bridge and Tunnel 
Statistics 2018. Ministry of Land, Infrastructure and 
Transport (MOLIT), Report Number 11-1613000-
000108-10, Government of South Korea.  

Yang, D.Y., and Frangopol, D.M. 2018. Risk-informed 
bridge ranking at project and network levels. Journal 
of Infrastructure Systems, 24(3): 04018018. 

Yoon, K.P., and Hwang. C.-L. 1995. Multiple Attribute 
Decision Making: An Introduction. SAGE Publication 
Inc., London.  

Vrouwenvelder, A. C. W. M., and Scholten, N. 2010. 
Assessment criteria for existing structures. Structural 
Engineering International, 20(1): 62–65.  

 

 
 


