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Abstract. Modeling pavement performance and optimizing resources represent two challenges for decision makers re-
sponsible for maintenance and rehabilitation of road networks pavement. This paper presents the developments made 
in a stochastic performance prediction model and optimization model as two major parts of an integrated pavement 
management system. Markov modeling is used to create a transition process model that is implemented to predict pave-
ment condition throughout the life time of road networks. With the use of the Pavement Condition Index (PCI), the 
steps of performing the prediction of deterioration are presented, showing the process of creating the elements of Mark-
ov matrix. The obtained results are used to set the priorities for maintenance planning and budgeted cost allocations 
on the network level. The proposed model advises decision makers on the status of network level with the guidelines 
to keep road conditions in acceptable level of performance according to the predefined strategies. Genetic algorithms 
technique is adopted to build optimization model. Three objective functions are constructed for budgeted cost of main-
tenance and rehabilitation program, quality of work performed, and selected area for program implementation. A brief 
description of the developed pavement management systems, including the prediction and the optimization models, are 
presented. A numerical example is worked out to illustrate the practical use of both models.

Keywords: pavement management system, Markov modeling, multi-objective optimization, Pareto front, genetic algo-
rithms.

1. Introduction
The total length of the road network in Egypt exceeds 
65 000 km. According to the statistics of General Authority 
for Roads, Bridges and Land Transport, the total length of 
arterial road networks increased from 12 500 km in year 
1972 to 47 500 km in year 2008. In Egypt, road networks 
are characterized by two aspects: i) they are aging and in 
some parts they are not functioning well, and ii) they are 
expanding rapidly to meet the economic growth. The share 
of freight transport in the road network is 95%. Keeping 
road networks in good condition is not possible without 
optimizing available limited resources. Therefore, the need 
to optimize maintenance planning is inevitable. The dete-
rioration of road network assets is noticeable due to com-
mercial and industrial activities. Keeping the workability 
of road networks in good condition is considered a cum-
bersome task which needs to be addressed on strategic lev-
el (Vanier 2001). The maintenance of such road network 
infrastructures requires the use of comprehensive Pave-
ment Management Systems (PMS). The environment for 
running such system is characterized by the uncertainty 

of road condition in the future and the inaccuracy of 
the gathered data. A lot of efforts have been made to de-
velop Pavement Management Systems and bridges (Abu 
Dabous, Alkass 2011; Amador-Jiménez,  Mrawira 2011; 
Sobanjo 2011; Tsai, Lai 2002; Yang et al. 2009). In this pa-
per, a framework for pavement performance prediction is 
developed utilizing Markov chain. The input for this mod-
el is Pavement Condition Index (PCI) which is adopted 
by General Authority for Roads, Bridges and Land Trans-
port for measuring the performance of the Egyptian roads. 
Output from performance model is input for optimization 
process to provide decision makers with several alterna-
tives for min budgeted cost with considering max qual-
ity of work performed and max percentage of area cover-
age. Further, the framework helps to achieve three goals: 
1) minimizing budgeted cost to meet the need of strategic 
planners, 2) maximizing the quality of performing main-
tenance and rehabilitation programs, and 3) maximizing 
the total percentage of the network area that will be under 
maintenance and rehabilitation. A case study is presented 
to illustrate the main features of the model.
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2. Pavement management systems 

PMS is defined by AASHTO as “A systematic process that 
collects and analyzes pavement information with ration-
al procedures that provide optimum pavement strategies 
based on predicted pavement attributes incorporating 
feedback regarding various attributes, criteria and con-
straints involved”. In general, typical structure of a PMS 
consists of six main components as follows (Fig. 1):

i) 	 Data Input Module: it collects and standardizes 
data to meet the validations requirements of the 
database. 

ii) 	Database Module: it acts as a repository for all 
historical field information. This organized infor-
mation is considered the base for performing any 
analysis or decision, pertaining to the current or 
future road maintenance plans. In the proposed 
model, the essential database attribute is the PCI 
for each segment which is retrieved at each inspec-
tion. This technique classifies and rates different 
segments of the network based on visual inspec-
tion.

iii) 	Performance Prediction Module: role of this mod-
ule is to predict future network condition based 
on the available information. The prediction mod-
ule is either based on deterministic or probabil-
istic approach. In the proposed model, the focus 
of research is the probabilistic approach which 

represents the real life situation and provides a bet-
ter accuracy with respect to the future condition of 
the network.

iv) 	Optimization and Analysis Module: the output ob-
tained from the performance prediction module 
is fed to this module to calculate the different op-
tions for future maintenance programs. The cost 
is estimated based on different scenarios. Different 
outputs are based on the selection of different re-
source options.  

v) 	 Planning and Implementation Module: it tracks 
and reports the programs for maintenance plans 
including the budgets and resources. All cost com-
ponents are detailed and reported via this module. 

vi) 	Reporting and Feedback Module: this module plays 
a major role in developing and upgrading the sys-
tem. In addition, it communicates with all network 
stakeholders regarding any reporting requests.

3. Markov chain

Markov chain is a stochastic process that handles the un-
certainty condition of road system performance through 
time. Applying Markov chain models for asset manage-
ment systems has proved to be reliable in different appli-
cations (Adedimila et. al. 2009; Black et. al. 2005; Orcesi, 
Cremona 2010; Puz, Radic 2008; Yang et. al. 2005). Several 
efforts have been made utilizing Markov chain to optimize 
maintenance and replacement decisions of bridges’ com-
ponents (Golabi, Shepard 1997; Jiang et al. 2000; Madan-
at 1993). Markov chain has been adopted for developing 
performance deterioration model for bridge deck, taking 
into consideration the history of deterioration and main-
tenance (Madanat, Robelin 2007). This stochastic process 
is an indexed collection of random variables {Xt} for t runs 
through a given set of non-negative integers (T) (Hillier 
2000). The Markov process is considered to have Marko-
vian property if conditional probability of any future event 
is independent of the past and depends only upon the 
present state; for any matrix to be considered a Markov 
Matrix or Transition Matrix the following two properties 
should be valid (Janssen, Manca 2006).

	   for all i, ,	 (1)

	   for all i, ,	 (2)

where p – the probability of transition from one state i to 
another state j. Fig. 2 shows the graphical representation of 
the transition between two states.

Fig. 1. Schematic diagram of proposed pavement management 
system

Fig. 2. States’ Transition in Markov chain
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Using Markov model, the transition matrix repre-
sents the probability of change from state i to state j over 
time period; the one step transition matrix P is a two di-
mensional  matrix of size  4×4 to represent states of the 
road condition which are Excellent, Good, Fair, and Bad 
as per Eq (3). The Transition Matrix after some time n is 
calculated using Eq (4) as per Janssen and Manca (2006). 

	   	 (3)

	    	  (4)

The transition states, i.e., the values of the matrix, are 
classified into three types as follows:

−− Transient; if upon entering this state, the process 
may never return to this state again.

−− Recurrent; if upon entering this state the process 
will definitely return to this state again.

−− Absorbing; if upon entering this state, the process 
will never leave the state again.

As such, it is possible to predict the deterioration 
of the pavement through a fixed period of time which is 
the period between two consecutive inspections (Black 
et. al. 2005). The adaptation of this method requires lar-
ge amount of data to decrease errors and to gain reliable 
results.

4. Model development

The methodology that has been followed in the proposed 
research includes three major stages (Awad 2010). These 
are: 1) data collection, 2) developing performance predic-
tion module, and 3) optimization module. The details of 
these stages are described hereinafter.

4.1. Data collection
Road network consists of several roads. The road com-
prises smaller units that are called road segments. In this 
research, the length of road segment is considered two 
kilometres long with adopting the actual data that are col-
lected by GARBLT to capture the characteristics of road 
segments. The data represents the PCI for each segment 
for two consecutive periods without applying any mainte-
nance. The inspection of the network is performed every 
three years. The data of road segments are collected manu-
ally (via visual inspection). The main target of data collec-
tion stage is to track the PCI values for each road segment 
within the overall road network including record keeping 
of new inventory.

4.2. Performance predication module
The processing of information includes the classification 
of road network conditions based on the segments data. A 

lot of efforts have been made to set standard for the assess-
ment of pavement conditions. In this research, a scale has 
been introduced for the PCI index. The road network con-
ditions are grouped into four classes; Excellent, Good, Fair, 
and Bad. Table 1 lists the PCI values of the different classes 
of the network conditions along with the corresponding 
type of maintenance that should be performed. To get the 
Vector Matrix in future or after a certain number of in-
spections (n), Eq (5) is applied:

	 ,	 (5)

where V0 – the initial Vector Matrix of the network based 
on the current road inspection; Pn – the transition matrix 
after n inspections. 

The elements of the transition matrix, which are 
calculated based on the proposed four classes, constitute 
Markov mode to capture probabilistic transition process 
model. The elements of the matrix are calculated taking 
into account the following assumptions: 

−− no improvement in any state to the upper state to 
maintain the integrity of the matrix. As such, the 
upper triangle elements are used; the elements of 
lower triangle elements are all zero. 

−− maintenance is not applied within two consecutive 
condition records.

The elements of the probability matrix is calculated 
using Eq (6), proposed by Jiang et al. (1988). The matrix is 
formed while rendering the validity of Eq (7) for the four 
classes, considered in the proposed model.

	  	 (6)

	   for 1 ≤ i ≤ 4,  	 (7)

where nij – the number of transitions from state i to state j 
within a given period, ni – the total number of segments in 
state i before the transition; pij – the probability of transi-
tion from state i to state j between two successive inspec-
tions without any maintenance.

The performance prediction module encompasses 
two main elements: Transition Matrix (P) and Initial Vec-
tor Matrix (V0). These two elements are deemed essential 
to provide the status of the network condition after any 
number of inspections. The Initial Vector Matrix is essenti-
ally the initial condition vector that represents the current 

Table 1. Road network conditions vs. maintenance types

PCI Road Condition Maintenance Type
100 ≥ PCI ≥ 85 Excellent Routine
84   ≥ PCI ≥ 70 Good Preventive
69   ≥ PCI ≥ 40 Fair Rehabilitation
39   ≥ PCI ≥ 0 Bad Complete 

reconstruction
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status of the road (Morcous 2005). It is built by calculating 
the percentage of each state to the total number of road 
segments for the data of the initial year as per Eqs (8) and 
(9):

	  ,	  (8)

	   for 1 ≤ i ≤ 4 ,	 (9)

where N – the number of all segments in the network; 
V1, V2, V3, V4 – the percentage of road segments that 
are in Excellent, Good, Fair and Bad conditions, respec-
tively.

As such, the vector matrix or the future condition 
of the network over time is obtained. To plot the per-
formance of the road, a scale from 1 to 4 is used to 
quantify the vector matrix into one single value that is 
used as an index to draw the curve. This performance 
index (I) is calculated by applying Eq (10):

	 , 	   (10)

where the value Vi – used to represent the percentage of 
each state to the total area of the network. The perfor-
mance index (I) varies from 1 to 4. For example, Excel-
lent road network has a performance index close to 4 
(Fig. 3), whereas, Bad road network has a performance 
index close to 1. The result should provide an input to 
predict the future requirements of road network in-
cluding the allocation of resources by using these val-
ues as the upper limit of each state that requires main-
tenance.

5. Optimization module 

Optimization module works to achieve three goals: 
1) minimizing budgeted cost to meet the need of strategic 
planners, 2) maximizing the quality of performing main-
tenance and rehabilitation programs, and 3) maximizing 
the total percentage of the network area that will be un-
der maintenance and rehabilitation. Minimizing budgeted 
cost is major demand by strategic planners and different 
proposals should be made available to empower the deci-
sion making process. The main goal is to optimize budg-
eted cost to receive endorsement of network stakeholders 
(government, legislatures, etc.) on one of these proposals. 
But this item is not the only objective and it is not evalu-
ated without setting two other major factors, the quality 
of performance and the percentage of area covered to the 
total area of the network. Maximizing quality ensures that 
final output from M&R programs should be made accord-
ing to acceptable standard. Maximizing area percentage 
that is targeted by M&R programs ensures high road ser-
viceability and safety and decreases the deferred backlog. 
In order to achieve these goals, the framework of the M&R 
includes six types of programs as per Table 2. It is assumed 
that these programs are selected concurrently and that 
none of them is to be eliminated. Achieving these objec-
tives requires the formulation of an optimization problem 
that is modeled via genetic algorithms chromosome. The 
chromosome handles the presence of the six programs 
together and is capable to provide different scenarios for 
planning of M&R programs. The chromosomes consist 
of eighteen genes. The first six genes (1–6) represent the 
resources required to apply these programs, whereas, the 
second six genes (7–12) are the quality of each option. The 
quality is defined as the quality of performing these pro-
grams upon each resource selection. percentage of each 
type of project to the total pavement area of the network; 
The last six genes (13–18) represent the percentage of each 
sub area that is to be selected for M&R to the total pro-
posed area for M&R (Fig. 4).

Subsequently, the first objective function is formula-
ted to minimize the cost of maintenance and rehabilitation 
programs as follows: 

	
,	 (11)

where T – total area of the network, m2; %A, %B, %C, %D, 
%E & %F: percentage of the area that requires program 
type A, B, C, D, E & F, respectively; , , ,

 
, Fig. 3. Performance prediction curve

Fig. 4. Representation of chromosomes’ genes
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 & 
 cost of square meter in program A, B, C, D, E & 

F using resource R with option i.
The second objective function is formulated to maxi-

mize quality of performed maintenance and rehabilitation 
works as follows:

	 ,
	

  (12)

where  – quality of program i with budgeted cost c for 
option j which is one of three budgeted cost options for 
each program.

The third objective function is formulated to maximi-
ze the total percentage of area selected for maintenance.

	 ,	 (13)

where  – percentage of area a of program i with budgeted 
cost c for option j which is one of three budgeted cost op-
tions for each program. 

These three functions are optimized using Non-
dominated Sorting Genetic Algorithm (Deb 2001). The 
main objective of the optimization module is to optimi-
ze the total budgeted cost of the program considering 
the quality of each maintenance program and the area of 
each program. The advantage of this module is its ability 
to expand, to include further parameters of the road and 
to customize the list of programs to meet agencies requi-
rements. Finally, this module ensures that maintenan-
ce of road network is adjusted to the limits of budgeted 
cost with maintaining standard quality of performance. 
Detail description of optimization module is found el-
sewhere (Awad 2010). In addition to its simplicity, the 
model is capable of being dynamically modified to in-
clude further parameters like user cost.

6. Model implementation

The proposed model was implemented using Micro-
soft Access 2000 and VB.net for facilitating data entry, 
processing of the gathered information, and generating 
reports. First, the user inputs the gathered data from 
field which contains the identification of the road seg-
ment (RoadSegment), PCI for that segment (PCI), and 
inspection year (Year). The database of the model is de-
signed to perform several queries that calculate the ele-
ments of the Transition Matrix at initial state (P0) and 
Initial Vector Matrix (V0). These results are automati-
cally populated in a user interface, depicted in Fig. 5. 
Running the model provides the Transition Matrix after 
any number of inspections and the corresponding Vec-
tor Matrix. Finally, the information of the deterioration 
model is generated and is represented in a graphical for-
mat. Output from performance model is used as input 
for optimization model. Fig. 6 shows the dataflow in the 
proposed pavement management system.

Table 2. Description of maintenance and rehabilitation programs

Prog
ram Program Description

Before 
Program 

Status

After 
Program 

Status
A Complete reconstruction Bad Excellent
B Major rehabilitation Fair Excellent
C Minor rehabilitation Fair Good
D Major maintenance Good Excellent
E Minor maintenance Good Good
F Routine Excellent Excellent

Fig. 5. Performance prediction module user interface of the 
proposed model

Fig. 6. Dataflow of the proposed system
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7. Case study

7.1. Case description
This section describes a hypothetical case to clarify the use 
of optimization module. The final results from this exam-
ple are near-optimum solutions for the optimized budgeted 
cost, percentage of quality of work performed, and select-
ed area percentage of total area covered. Table 3 lists the 
data that are obtained from Helwan/El-Saf rural road from 
years 1999 to 2005. The input data of the case are listed in 
Tables 4 to 6 for budgeted cost, percentage quality of work 
performed, and percentage area for each maintenance pro-
gram. As shown, there are six maintenance and rehabilita-
tion programs with three options for each one. Each option 
provides different scenario. The purpose of this optimiza-
tion is to minimize budgeted cost and to maximize per-
centage quality and percentage covered area for road seg-
ments that have a total area of 120 000 m2. 

7.2. Case analysis
The optimization module is triggered to evaluate its per-
formance in searching large space of possible solutions. A 
number of optimization parameters are defined including; 
number of generations (G = 200), population size (S = 20), 
crossover (C = 0.6), and mutation (M = 0.02) values as de-
scribed hereinafter. The results shown in Figs 7 to 9 are ob-
tained, indicating Pareto set. The final Pareto set of chro-
mosomes and the corresponding Budgeted Cost (LE), 
Quality (%), and Area (%) are listed in Table 7 and depicted 
in Fig. 10.

Table 3. Helwan/El-Saf rural road data

Seg
ment 

ID

From, 
km To, km

Year

1999 2000 2002 2005

1 0 2 74 79 94 43
2 2 4 79 46 100 65
3 4 6 82 77 96 28
4 6 8 77 59 96 63
5 8 10 85 91 96 42
6 10 12 87 82 81 55
7 12 14 69 88 81 77
8 14 16 80 72 55 71
9 16 18 81 72 84 80

10 18 20 85 82 50 100
11 20 22 87 100 100 87

Table 4. Budgeted cost of resources’ options

Program Cost of option 
1 (LE/m2)

Cost of option 
2 (LE/m2)

Cost of option 
3 (LE/m2)

A 30 35 37
B 20 24 28
C 14 16 18
D 9 12 14
E 6 7 8
F 2 3 5

Fig. 7. QB Pareto front – quality vs. budgeted cost (8 LE = 1 EUR)

Fig. 8. AB Pareto front – area vs. budgeted cost (8 LE = 1 EUR)

Fig. 9. AQ Pareto front – area vs. quality

Fig. 10. Three dimensional Pareto front
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8. Conclusions 

This paper presented the development of pavement predic-
tion model and optimization model within the frame of 
pavement management system. As a stochastic approach, 
Markov chain is applied to provide valuable information 
about the state of the pavement in the future. The process 
is applicable on the network level geared towards furnish-
ing decision-makers with a tool for assessing road condi-
tions. Therefore, reasonable maintenance budgets for ana-
lyzed network(s) are allocated. Road maintenance should 
be based on strategic decision that adopts PMS. The paper 
presented the methodology that was followed in the pro-
posed research including; 1) data collection, and 2) de-
veloping performance prediction module 3) optimization 
module. Furthermore, the optimization model is dynami-
cally modified to include further pavement related param-
eters to enable better selection of programs by decision 
makers. The road network conditions are classified into 
four classes; Excellent, Good, Fair and Bad. The model was 
implemented using Microsoft Access 2000 and VB.net. 

The paper presented an optimization framework that 
helps to achieve three goals: 1) minimizing budgeted cost 
to meet the need of strategic planners, 2) maximizing the 
quality of performing maintenance and rehabilitation pro-
grams, and 3) maximizing the total percentage of the net-
work area that will be under maintenance and rehabilita-
tion (M&R). In order to achieve these goals, the framework 
of the M&R includes six types of programs. Achieving these 
goals requires the formulation of an optimization problem 
that is modeled via genetic algorithms chromosome. The 
chromosome handles the presence of the six programs 
together and is capable to provide different scenarios for 

planning of M&R programs. A case study was presented 
to demonstrate the capabilities of the proposed model and 
its ability in identifying near-optimum Pareto solutions. 
The case was obtained from Helwan/El-Saf rural road from 
years 1999 to 2005 for a total area of 120 000 m2. The Pa-
reto fronts have been plotted in 2D and 3D to demonstrate 
the near-optimum feasible M&R programs. This research 
is extendable for future integration of user cost as a major 
factor in the optimization model. Additional efforts are rec-
ommended for optimizing the program with considering 

Table 7. Estimated objective functions of Pareto solutions

Pareto 
front

Program option Program area, % Objective functions

A B C G E F A B C G E F Quality, 
%

Area, 
%

Budgeted cost 
(LE*)

Q
B

2 2 3 3 3 3 28 20 12 10 15 4 88.2 89 24 492000
1 1 2 3 3 3 31 22 14 10 15 4 85.5 96 21 444000
1 1 2 2 3 3 31 22 14 8 15 4 85.5 94 21 204000
1 1 2 2 3 2 31 22 14 8 15 6 84.2 96 21 036000
1 1 2 2 2 2 31 22 14 8 12 6 83.3 93 20 856000
1 1 2 1 2 2 31 22 14 10 12 6 82.5 95 20 496000
1 1 1 1 1 3 31 22 10 10 16 4 81.7 93 20 196000
1 1 1 1 1 2 31 22 10 10 16 6 80.8 95 20 028000
1 1 1 1 1 1 31 22 10 10 16 8 80.0 97 19 944000

A
B 1 1 2 1 1 1 31 22 14 10 16 8 80.8 100 20 232000

1 1 1 1 1 1 31 22 10 10 16 6 80.0 97 19 944000

A
Q

2 2 3 3 3 3 28 20 12 10 15 4 88.2 89 24 492000
3 3 2 3 3 2 30 20 14 10 15 6 88.0 95 25 716000
1 1 2 3 3 3 31 22 14 10 15 4 85.5 96 21 444000
1 1 2 2 3 1 31 22 14 8 15 8 83.3 98 20 952000
1 1 2 3 1 1 31 22 14 10 16 8 82.2 100 20 832000

Table 5. Thresholds for quality options vs. budgeted cost

Program
Quality, %

Option (1) Option (2) Option (3)
A 80 85 88
B 80 88 92
C 80 85 88
D 80 85 88
E 80 85 90
F 80 85 90

Table 6. Thresholds for percentage area options vs. budgeted cost

Gene 
Name

Area percentage
Option (1) Option (2) Option (3)

A 31 28 30
B 22 20 20
C 10 14 12
D 10 8 10
E 16 12 15
F 8 6 4

* 8 LE = 1 EUR
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other deterioration models of different infrastructure in the 
same location of the road network. 

References

Abu Dabous, S; Alkass, S. 2011. Managing Bridge Infrastructure 
under Budget Constraints: a Decision Support Methodology, 
Canadian Journal of Civil Engineering 38(11): 1227–1237. 
http://dx.doi.org/10.1139/l11-082

Adedimila, A. S.; Olutaiwo, A. O.; Kehinde, O. 2009. Markovian 
Probabilistic Pavement Performance Prediction Models for 
a Developing Country, Journal of Engineering and Applied 
Sciences 4(1): 13–26. 

Amador-Jiménez, L. E.; Mrawira, D. 2011. Reliability-Based Ini-
tial Pavement Performance Deterioration Modelling, Interna-
tional Journal of Pavement Engineering 12(2): 177–186. 

	 http://dx.doi.org/10.1080/10298436.2010.535538
Awad, E. 2010. Predicting Pavement Performance Using Markov 

Chain Model. MSc Thesis. Cairo University. 
Black, M.; Brint, A. T.; Brailsford, J. R. 2005. Comparing Probabil-

istic Methods for the Asset Management of Distributed Items, 
Journal of Infrastructure Systems 11(2): 102–109. 

	 http://dx.doi.org/10.1061/(ASCE)1076-0342(2005)11:2(102).
Deb, K. 2001. Multi-Objective Optimization Using Evolutionary 

Algorithms. 1st edition. Wiley, New York, USA. 518 p. ISBN 
047187339X.

Golabi, K.; Shepard, R. 1997. PONTIS: A System for Maintenance 
Optimization and Improvement for US Bridge Networks, In-
terfaces 27(1): 71–88. http://dx.doi.org/10.1287/inte.27.1.71

Hillier, F. 2000. Introduction to Operation Research. 6th edition. 
McGraw Hill, New York, USA. ISBN 0078414474.

	 http://dx.doi.org/10.1080/15732470802532943.
Janssen, J.; Manca, R. 2006. Applied Semi-Markov Processes. 

Springer, New York, USA. 310 p. ISBN 978-0-387-29547-3.
Jiang, M.; Corotis, R. B.; Ellis, J. H. 2000. Optimal Life-Cycle Cost-

ing with Partial Observability, Journal of Infrastructure Sys-
tems 6(2): 56–66. 

Jiang, Y.; Saito, M.; Sinha, K. C. 1988. Bridge Performance Predic-
tion Model Using the Markov Chain, Transportation Research 
Record 1180: 25–32.

Madanat, S. M. 1993. Optimal Infrastructure Management De-
cision under Uncertainty, Transportation Research Part C: 
Emerging Technologies 1(1): 77–88. 

	 http://dx.doi.org/10.1016/0968-090X(93)90021-7.
Madanat, S. M.; Robelin, C. 2007. History-Dependent Bridge 

Deck Maintenance and Replacement Optimization with 
Markov Decision Processes, Journal of Infrastructure Systems 
13(3): 195–201. 

	 http://dx.doi.org/10.1061/(ASCE)1076-0342(2007)13:3(195).
Morcous, G. 2006. Performance Prediction of Bridge Deck Sys-

tems using Markov Chains. Journal of Performance of Con-
structed Facilities 20(2): 146–155. 

	 http://dx.doi.org/10.1061/(ASCE)0887-3828(2006)20:2(146)
Orcesi, A. D.; Cremona, C. 2010. A Bridge Network Maintenance 

Framework for Pareto Optimization of Stakeholders/Users 
Costs, Reliability Engineering and System Safety 95(11): 1230–
1243. http://dx.doi.org/10.1016/j.ress.2010.06.013.

Puz, G.; Radic, J. 2008. Life-Cycle Performance Model Based on 
Homogeneous Markov Processes, Structure and Infrastructure 
Engineering: Maintenance, Management, Life-Cycle Design and 
Performance 7(4): 285–296. 

	 http://dx.doi.org/10.1080/15732470802532943
Sobanjo, J. O. 2011. State Transition Probabilities in Bridge De-

terioration Based on Weibull Sojourn Times, Structure and 
Infrastructure Engineering: Maintenance, Management, Life-
Cycle Design and Performance 7(10): 747–764. 

	 http://dx.doi.org/10.1080/15732470902917028.
Tsai, Y. J.; Lai, J. S. 2002. Framework and Strategy for Implement-

ing Information Technology-Based Pavement Management 
System, Transportation Research Record 1816: 56–64. 

	 http://dx.doi.org/10.3141/1816-07.
Vanier, D. J. 2001. Why Industry Needs Asset Management Tools, 

Journal of Computing in Civil Engineering 15(1): 35–43. 
	 http://dx.doi.org/10.1061/(ASCE)0887-3801(2001)15:1(35).
Yang, Y.; Pam, H.; Kumaraswamy, M. 2009. Framework Develop-

ment of Performance Prediction Models for Concrete Bridges, 
Journal of Transportation Engineering 135(8): 545–554. 

	 http://dx.doi.org/10.1061/(ASCE)TE.1943-5436.0000018.

Received 21 October 2010; accepted 16 March 2011

http://dx.doi.org/10.1139/l11-082
http://dx.doi.org/10.1080/10298436.2010.535538
http://dx.doi.org/10.1061/(ASCE)1076-0342(2005)11:2(102)
http://dx.doi.org/10.1287/inte.27.1.71
http://dx.doi.org/10.1080/15732470802532943
http://dx.doi.org/10.1016/0968-090X(93)90021-7
http://dx.doi.org/10.1061/(ASCE)1076-0342(2007)13:3(195)
http://dx.doi.org/10.1061/(ASCE)0887-3828(2006)20:2(146)
http://dx.doi.org/10.1016/j.ress.2010.06.013
http://dx.doi.org/10.1080/15732470802532943
http://dx.doi.org/10.1080/15732470902917028
http://dx.doi.org/10.3141/1816-07
http://dx.doi.org/10.1061/(ASCE)0887-3801(2001)15:1(35)
http://dx.doi.org/10.1061/(ASCE)TE.1943-5436.0000018



