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Abstract

:

Optimization techniques keep road performance at a good level using a cost-effective maintenance strategy. Thus, the trade-off between cost and road performance is a multi-objective function. This paper offers a new multi-objective stochastic algorithm for discrete variables, which is called the integer search algorithm (ISA). This algorithm is applied to an optimal pavement maintenance management system (PMMS), where the variables are discrete. The PMMS optimization can be achieved by maximizing the condition of pavement with a minimum cost at specified constraints, so the PMMS is a constrained multi-objective problem. The ISA and genetic algorithm (GA) are applied to improve the performance condition rating (PCR) of the pavement in developing countries, where the annual budget is limited, so a minimum cost for three years’ maintenance is scheduled. Study results revealed that the ISA produced an optimal solution for multi-function objectives better than the optimal solution of GA.
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1. Introduction


Roadways are considered the arteries of economic and social activities at the national and local levels. Furthermore, they are one of the fundamental foundations of development countries. Pavement is an essential component of road infrastructure. Its surface plays an important role in providing a safe and comfortable environment for users. During the pavement design life, the pavement is exposed to increasing traffic volumes with heavy loads, environmental adverse impacts, and poor use, which lead to significant deterioration of the pavement. To make the pavement function better, regular maintenance should be done to repair the degradation of the pavement. Therefore, through regular maintenance, a sufficient budget will be spent to maintain the pavement at an adequate condition. Actually, limited budgets are the biggest difficulties and challenges facing the pavement maintenance. For this reason, the pavement maintenance activities should be managed within the available budget and resources [1]. A good pavement management program will preserve the condition of all road sections at an adequate high performance with minimum cost without any reverse effects on traffic operation, environment, or social activity [2]. Therefore, decision-makers need to have the methodologies for maintenance management to attain a sufficient level of service at a minimum cost [3]. In other words, optimizing the available budget allocation is needed for decision-makers to assist them in achieving the specified objectives of pavement performance under available budget and authority constraints [4].



Initially, the priority (rank) was used to determine pavement treatment plans. When the priority is applied, the maintenance activities (alternatives) are allocated using a ranking system based on parameters such as traffic volume, road class, quality index, etc. These parameters are determined based on road condition data for the current year. Therefore, the best maintenance plan cannot be assured by using a prioritization approach, and multi-year planning will also be problematic. In the last few decades, the optimization approach has been a priority to create the best possible solution for pavement maintenance strategy. In early maintenance optimization, the decision-making process was based on single-objective optimization. However, the decision-making process in pavement maintenance involves many objectives (e.g., cost, performance, etc.) that conflict with each other, and the solution resulting from single-objective optimization may be unacceptable to other objectives. Therefore, a reasonable solution to a multi-objective problem is to search for a set of solutions that satisfy the requirements of several objectives [5].



The programming methods, such as stochastic and deterministic, are utilized to satisfy the constraints related to the requirements of the road network for the proper maintenance plan. Stochastic techniques (e.g., Markov chain) are useful for the insufficient data of pavement conditions [6]. While, a set of deterministic techniques were used to resolve maintenance problems, such as dynamic programming [7], goal programming [8], quadratic programming framework [9], and nonlinear mathematical program [10].



Many methods are used for multi-objective optimizations, such as the weighted sum method, which is used widely. By this approach, several objective functions are summated with suitable weight for each objective function. The criteria are weighted, and the comparison of sorting orders is made for outcome reliability [11]. The priority process is divided into two stages: defining maintenance activities, and then analysis of trade-offs is executed to introduce many prioritized activities [12]. The multi-criteria are generated and weighted to specify the assets of prioritization [13].



By using the theory of multi-attribute utility, an axiomatizing mathematical process is suggested to quantify and analyze the alternatives, which include many competing results [14,15,16]. This method is a good trial to link the objectives of maintenance treatments on asphalt pavements and define the choices of decision-making. On the other hand, the analytic hierarchy process to estimate the weights of criteria set and alternatives are used [17,18,19,20]. In this regard, the other options are compared with related standards set by using pair-wise comparisons, then the criteria weight is determined. Thus, hierarchically, the alternatives and criteria are formed.



The genetic algorithm (GA) is an evolutionary computation technique, which is widely applied to solve different objectives of maintenance problems. The ability of a genetic algorithm in the optimization process is to deal with either simple issues (e.g., linear optimization) or the complex computational problems (e.g., multimodality) and support decision-making procedure with a reasonable solution in the maintenance plan. For this reason, GA has been used widely in maintenance optimization. GA technique provides a solution for allocation the available funds to achieve the objectives constrained of the resource of central and regional agencies [21]. Also, the GA is utilized to address the nature of combinatorial maintenance programing in the network-level of roads [22]. Besides, GA is applied to attain optimum maintenance plans at sufficient level for pavement sections [22]. For constrained optimization, the GA is used to optimize the maintenance of rural roads network by minimizing cost and maximizing the road performance [23,24,25]. An adaptive hybrid GA, which contains GA and local search, is applied for improving the effectiveness and efficiency of solution searching for the optimal maintenance plan [26].



Also, discrete particle swarm optimization (PSO) is applied to optimize a multi-objective problem for pavement maintenance optimization. In this method, random solutions are created, and optimal searching is made by updating populations [27,28]. Additionally, a parameter-free velocity term is introduced to the barebones algorithm, which can provide a feasible decision-making process [29].



Dominance-based rough set approach is mainly used in the selection of the best solution when a large number of the possible solutions has existed. In other words, this method enhances the decision-making process for optimizing various maintenance activities to accomplish predefined objectives and make optimal allocation of the available budget. In this method, the rough set theory is used, making it possible to analyze the contradiction. The optimization is achieved by this method through two stages. In the first one, a set of solutions from the Pareto optimal is created. In the second one, through the decision-making process, the best solutions in the created set are indicated [30,31]. The interactive multi-objective optimization-dominance rough set approach is also used to support decision-making interaction to determine the optimal set of maintenance activities [32].



However, most of the metaheuristic optimization algorithms are based on the real random numbers, which are not suitable for the discrete problems. This paper presented a new discrete algorithm called integer search algorithm (ISA) to optimize the PMMS problem. To continue in searching for methods to find the optimal solution supporting the decision making of pavement maintenance, this paper presents a new discrete stochastic algorithm called integer search algorithm (ISA) for the pavement management system. Also, the ISA and GA are applied to improve the pavement management for the road networks in a developing country with a limited annual budget. Furthermore, the convergence curves of ISA and GA during the optimization process are compared.




2. Pavement Maintenance Model


2.1. Pavement Condition Evaluation


The state of the pavement plays a significant role in the decision-making process for pavement repair. The pavement repair activities are dependent on the current condition of the pavement. As a result, determining the best maintenance strategy necessitates assessing the state of the pavement. In order to describe the current pavement condition, the proposed study used the pavement condition rating (PCR) with the grading system from 0 (Failed) to 4 (Excellent) as presented in Table 1.




2.2. Pavement Preservation Treatments


Pavement treatments are selected based on the purpose of the maintenance strategies of the networks. For retarding the pavement deterioration and reducing the distresses, this study interested on preventive maintenance treatments. Five maintenance activities were used in this study to implement the pavement maintenance called do nothing, crack seal, slurry seal, thin asphalt overlay, and thick asphalt overlay. These activities are assigned codes which are M-00, M-01, M-02, M-03, and M-04, respectively.




2.3. Performance Jumps


Application of pavement preservation treatments on the pavement surface leads to improve the pavement condition. The effectiveness of preservation treatments occurs in the performance improvement after the performing treatments. Therefore, the treatment effects should be determined to know the pavement condition after the treatments application by defining the performance jumps. This study used the performance jumps developed by Morcous and Lounis [24] as shown in Table 2.





3. Optimization Methodology


The PMMS is a discrete problem, where the input variables are the maintenance activities, which are integer numbers between [0,4]. Also, the output variables are the PCR of pavement, which are integer numbers between [0,4]. Most of the metaheuristic optimization calculations are based on the real numbers, which are not reasonable for the PMMS issue. Thus, this paper displayed a modern discrete calculation called integer search algorithm (ISA) to optimize the PMMS problem.



3.1. Integer Search Algorithm


Most of the stochastic algorithms are based on the real numbers, which are used in all engineering applications. However, the variables of the PMMS problem are integer numbers, where these stochastic algorithms need adaptation to be suitable for discrete problems. Therefore, this paper has proposed a new discrete algorithm suitable for the discrete problem, which is called integer search algorithm (ISA). The ISA algorithm is proposed based on the random generation of integer numbers. The exploration and exploitation of the ISA algorithm are controlled using parameters a and A, as in (1) and (2). The ISA algorithm updates the integer variables X(i), as in (3). The main merits of the ISA algorithm are simplicity and speed.


  a = r o u n d   b − b ×   I t e r   M a x _ i t e r      



(1)






  A = I n t e g e r   R a n d o m   ∈   − 1 , 1   × a  



(2)






  X  i  =  X  b e s t    i  + A  



(3)




where b is a constant ≥2, Xbest(i) is the best position of variable X(i), Iter is the iteration number, and Max_iter is the maximum number of iterations. the flowchart of the ISA algorithm is depicted in Figure 1.




3.2. Objective Function


The optimization model formulation is performed in a way for keeping the level of the road performance at an acceptable level by using strategies of cost-effective maintenance. This constitutes using a multi-objective function in decision making to obtain the optimal maintenance plan.



As aforementioned, the PCR was used to evaluate the pavement condition in this study then one of the objective functions is maximizing the PCR value as shown in Equation (4). The other function is minimizing the cost to attain the optimal solution with minimum cost as possible as shown in Equation (5). In this study, the establishment of pavement maintenance strategies were constrained by the available budget for maintenance and the desired level of performance. The annual budget Bt constrains the objective function as in Equation (6). The Equation (7) is the constraint of the pavement performance. Only applying of one treatment is taken into account for each road section in each year as in Equation (8).


  Max     ∑   s = 1  S    ∑   j = 1  m  P C  R  s , t   (  X  s , j   )        



(4)






  Min     ∑   s = 1  S    ∑   j = 1  m  C (  X  s , j   )  L s   W S   



(5)







Subjected to


    ∑   s = 1  S  C    X  s , j     ×  L s  ×  W s  ≤    B t  ,                       ∀   s = 1     t o   S  



(6)






    ∑   s = 1  S  C    X  s , j     ×  L s  ×  W s  ≤  B t  ,                         ∀   s = 1     t o   S  



(7)






    ∑   j = 1  m   X  s , j   = 1 ,                                             ∀   s = 1     t o   S  



(8)




where,    X  s , j     maintenance application (option) for section s and treatment j, C is the cost of maintenance activity, Ls, and Ws are the length and width of the roadway section. The total maintenance cost of all sections is calculated as in (6).




3.3. Genetic Algorithm


The genetic algorithm (GA) is an evolutionary metaheuristic algorithm that has been applied to many engineering disciplines [33,34]. GAs work with a population of entities denoted by bit strings and change the population with random exploration and competition. In general, GAs consist of trials, for example, selection, crossover, and mutation. Generation is a procedure in which a novel cluster of entities is made by choosing the proper entities in the existing population. Crossover is the greatest influential worker in GAs. It constructs novel children by choosing two strings and exchange segments of their structures. The novel children may exchange the worst entities in the population. The mutation is a local worker with a very low likelihood, where its purpose is to adjust the value of a random position in a string.



In this work, the population of the GA algorithm is 100, where the population are initialized randomly. After that, this generated population is reproduced using crossover and mutation, where the crossover probability is set to 80% and the mutation probability is set to 0.05.




3.4. Optimization Procedure


The ISA algorithm is applied to find the optimal solution of the constrained multi-objective function shown in (4) and (5). The input variable is the maintenance activity (XMA(s, j)) performed for each road section s and for treatment j. then the PCR of each section in a specific year is updated as in (9). The initialization of PCR, according to the constraints, is shown in the pseudo-code in Figure 2. The optimization procedure is applied for a number of sections and for a specified number of years, as shown in the pseudo-code in Figure 3.


  P C R   s , t   = P C R   s , t − 1   +  X  M A     s , t    



(9)









4. Case Study


The applicability of proposed algorithm was demonstrated by performing a case study. The data of the case study was obtained from the General Corporation of Roads and Bridges, Hajjah, Yemen, which is classified as a developing country. Roadway network contains 16 roads comprises arterial, main, and local access roads; which include 49 sections with 23 km total length. Code, length, width, and initial PCR for each road section are presented in Table 3. Annually, the maintenance activities are implemented within a specified available budget of around $80,000 based on the agency constraints. This study adopts a medium-term planning time horizon of three-year (2020–2022) to develop the pavement maintenance program. Maintenance costs related to repair decisions were collected from the General Corporation of Roads and Bridges in Yemen as 0.6, 1.08, 2.09, and 3 ($/m2) for crack seal, slurry seal, thin asphalt overlay, and thick asphalt overlay, respectively.




5. Results and Discussion


The ISA and GA algorithms are applied to maximize the total PCR of all road sections for three years and, at the same time, minimize the total cost of pavement maintenance. The PMMS model and ISA and GA algorithms are coded using MATLAB 2019b. The population size of both algorithms is set to 100, and the maximum number of iterations is set to 10,000. Therefore, the number of function evaluations is 100 × 10,000 = 1,000,000. The optimization process is executed using PC (Intel (R) Core (TM) i7–3770 CPU @ 3.40 GHz (8 CPUs), 16 GB, Windows 7–64 bits). Figure 4 shows that the attained cumulative PCR for 3 years and 49 sections using the ISA algorithm is 470, which is larger than that achieved by GA (PCR = 466). Furthermore, Figure 5 shows that the total cost of maximizing the PCR is minimized using ISA algorithm less than the total cost by using GA.



Table 4 shows the optimal maintenance plan to attain acceptable performance within the available annual maintenance budget ($80,000). Therefore, the maintenance activities are distributed for all 49 sections for 3 years. For the first year t = 1 and for Sana’a road that contains 10 sections (from 1 to 10), sections 2, 6, 5, and 10 are not maintained M-00 (blue colored). However, sections 1, 4, 7, 8, and 9 are maintained by the maintenance activity M-01 (yellow colored), and Section 3 is maintained by using M-02 (green colored). In the second year, sections 1 and 3 are not maintained (M-00). However, sections 2, 5, 8, and 9 are maintained by using M-01, and sections 4, 6, 7, and 10 are maintained by using M-02. Finally, in the third year, sections 2, 3, 4, and 7 are not maintained. However, sections 1, 5, 6, 8, 9, and 10 are maintained by using M-01. The last column in Table 4 shows that the PCR of about 36 sections improved to rank 4. However, 13 sections still need maintenance, which can be maintained in the third year because the total cost is low this year.



Figure 6 shows how the PCR is maximized by 193% from 1.22 in 2019 to 3.59 in 2022. The PCR maximization is constrained with the predefined annual budget ($80,000) and $240,000 for three years. Also, Figure 7 shows the annual maintenance cost for three years scheduled maintenance, where the average cost of three years is $56,515,446. Table 5 displays the obtained optimal total cost using the ISA algorithm is $169,546.34, where the cost-saving is about 29.4%. However, the total cost using GA is about $178,000, which is higher than the cost by using ISA.



Furthermore, the effectiveness of the results is statistically analyzed using the range and standard deviation of the PCR of the maintained roads in each year as depicted in Figure 8. Where the standard deviation and PCR range are decreasing with the planned annual maintenance. Moreover, the ISA algorithm utilized the maintenance activity M-01 about 21%, however, M-04 used rarely ~1% as depicted in Figure 9. These results reveal that the pavement maintenance of case study can be done effectively with the lowest cost. In addition, Figure 10 shows that the maintenance activities are optimally distributed between road classes. For the arterial roads, M-01 is the most used maintenance activity, however M-04 is never used. For local access roads, all maintenance activities are used, where M-02 is mostly used. For the main roads, all maintenance activities are applied, where the M-01 is mostly used. These results prove the effectiveness of the proposed optimization method for lowest cost of pavement maintenance management.




6. Conclusions


This paper has proposed a new discrete multi-objective stochastic algorithm based on the stochastic integer numbers, which is called integer search algorithm (ISA). Then, the ISA algorithm is applied to solve the constrained multi-objective function (pavement maintenance management (PMMS)). The main objectives of the PMMS problem are maximizing the performance of road pavements and minimizing the maintenance cost and constrained by the annual budget. In this paper, the case study is selected for Hajjah city in Yemen (developing country), where the number of roads is 16, and the number of sections is 49. Therefore, the number of input and output variables of PMMS is 49. The ISA and GA algorithms are applied to maintain all road sections in three years, so the maintenance activities are distributed during these years to obtain minimum cost. The optimization results revealed that the ISA achieved higher total PCR and lower total cost than that achieved by the GA algorithm. Also, the results show that the PCR is increased to 193% of the initial PCR with 29% cost-savings.
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Figure 1. Flowchart of the integer search algorithm. 
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Figure 2. Pseudo-code of PCR initialization. 
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Figure 3. Pseudo-code of the application of the ISA algorithm for PMMS problem. 
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Figure 4. Convergence of the cumulative PCR for 3 years and 49 sections. 
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Figure 5. Convergence of the cumulative maintenance cost for 3 years and 49 sections. 
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Figure 6. Improvement of PCR. 
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Figure 7. Annual maintenance cost during three years. 
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Figure 8. Range and standard deviation of PCR. 






Figure 8. Range and standard deviation of PCR.



[image: Applsci 11 07170 g008]







[image: Applsci 11 07170 g009 550] 





Figure 9. Optimal distribution of maintenance activities. 
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Figure 10. Optimal distribution of maintenance activities for road classes. 
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Table 1. Pavement condition rating for IRI
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	PCR
	IRI (m/km)
	Condition Description





	0
	>10
	Failed: out of service



	1
	(6,10]
	Poor condition: foremost maintenance is required



	2
	[4,6]
	Fair condition: medium maintenance is required



	3
	[2,4)
	Good condition: less maintenance is required



	4
	<2
	Excellent condition: maintenance is not required
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Table 2. Influence of repair decisions on PCR
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PCR

	
PCR after Maintenance




	
1

	
2

	
3

	
4






	
PCR before maintenance

	
0

	
M-01

	
M-02

	
M-03

	
M-04




	
1

	
----

	
M-01

	
M-02

	
M-03




	
2

	
----

	
----

	
M-01

	
M-02




	
3

	
----

	
----

	
----

	
M-01
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Table 3. Road sections condition data
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	#
	Street Name
	Road Class
	Section Code
	Length (m)
	Width (m)
	Area (m2)
	IRI
	Road Condition
	PCR





	1
	Sana’a Road
	Arterial
	1R/100
	92
	7.1
	656
	5
	Fair
	2



	2
	Sana’a Road
	Arterial
	1L/100
	243
	7.1
	1725
	4
	Fair
	2



	3
	Sana’a Road
	Arterial
	2R/100
	172
	7.1
	1221
	6
	Fair
	2



	4
	Sana’a Road
	Arterial
	3/100
	449
	8
	3592
	7
	Poor
	1



	5
	Sana’a Road
	Arterial
	4/100
	574
	8
	4592
	12
	Bad
	0



	6
	Sana’a Road
	Arterial
	5/100
	528
	8
	4224
	11
	Bad
	0



	7
	Sana’a Road
	Arterial
	6/100
	426
	8
	3408
	13
	Bad
	0



	8
	Sana’a Road
	Arterial
	7/100
	491
	8
	3928
	8
	Poor
	1



	9
	Sana’a Road
	Arterial
	8/100
	627
	8
	5016
	9
	Poor
	1



	10
	Sana’a Road
	Arterial
	9/100
	586
	8
	4688
	13
	Bad
	0



	11
	Al-Hodaidah
	Arterial
	1R/200
	211
	5
	1055
	6
	Fair
	2



	12
	Al-Hodaidah
	Arterial
	1L/200
	396
	5
	1980
	3
	Good
	3



	13
	Al-Hodaidah
	Arterial
	2R/200
	521
	5
	2605
	5
	Fair
	2



	14
	Al-Hodaidah
	Arterial
	2L/200
	875
	5
	4375
	6
	Fair
	2



	15
	Al-Hodaidah
	Arterial
	3R/200
	540
	5
	2700
	5
	Fair
	2



	16
	Al-Hodaidah
	Arterial
	4/200
	602
	7
	4214
	3
	Good
	3



	17
	Al-Souq
	Main
	1/110
	163
	7
	1141
	7
	Poor
	1



	18
	Al-Souq
	Main
	2/110
	238
	7
	1666
	9
	Poor
	1



	19
	Al-Souq
	Main
	3/110
	116
	7
	812
	8
	Poor
	1



	20
	Al-Souq
	Main
	4/110
	105
	7
	735
	7
	Poor
	1



	21
	Al-Souq
	Main
	5/110
	127
	7
	889
	10
	Poor
	1



	22
	Al-Souq
	Main
	6/110
	251
	7
	1757
	6
	Fair
	2



	23
	Al-Dahreen
	Main
	1/120
	285
	7.2
	2052
	8
	Poor
	1



	24
	Al-Dahreen
	Main
	2/120
	82
	7.2
	591
	8
	Poor
	1



	25
	Al-Dahreen
	Main
	3/120
	319
	7.2
	2297
	6
	Fair
	2



	26
	Al-Dahreen
	Main
	4/120
	276
	7.2
	1987
	6
	Fair
	2



	27
	Al-Dahreen
	Main
	5/120
	562
	7.2
	4046
	9
	Poor
	1



	28
	Al-Dahreen
	Main
	6/120
	107
	7.2
	770
	9
	Poor
	1



	29
	Al-Dahreen
	Main
	7/120
	586
	7.2
	4219
	10
	Poor
	1



	30
	Al-Nasieryah
	Local Access
	1/116
	694
	8
	5552
	3
	Good
	3



	31
	Al-Qahirah
	Local Access
	1/112
	329
	6.5
	2139
	11
	Bad
	0



	32
	Al-Mohandis
	Main
	1/150
	1348
	6.3
	8492
	3
	Good
	3



	33
	Al-Mahjan
	Main
	1/130
	567
	7
	3969
	9
	Poor
	1



	34
	Al-Mahjan
	Main
	2/130
	1028
	7
	7196
	5
	Fair
	2



	35
	Qarn Habab
	Main
	1/160
	156
	6.1
	952
	13
	Bad
	0



	36
	Qarn Habab
	Main
	2/160
	489
	6.1
	2983
	11
	Bad
	0



	37
	Qarn Habab
	Main
	3/160
	169
	6.1
	1031
	12
	Bad
	0



	38
	Qarn Habab
	Main
	4/160
	93
	6.1
	567
	10
	Poor
	1



	39
	Na’aman
	Local Access
	1/113
	725
	6
	4350
	10
	Poor
	1



	40
	Al-Helah
	Main
	1/170
	140
	7.2
	1008
	7
	Poor
	1



	41
	Al-Helah
	Main
	2/170
	307
	7.2
	2210
	9
	Poor
	1



	42
	Al-Helah
	Main
	3/170
	427
	7.2
	3074
	8
	Poor
	1



	43
	Haorah
	Local Access
	1/111
	761
	8
	6088
	2
	Good
	3



	44
	Haorah
	Local Access
	2/111
	352
	8
	2816
	7
	Poor
	1



	45
	Al-Gharabi
	Main
	1/180
	1401
	7.1
	9947
	8
	Poor
	1



	46
	Al-Gharabi
	Main
	2/180
	1926
	7.1
	13675
	9
	Poor
	1



	47
	Al-Ma’enah
	Main
	1/140
	889
	7
	6223
	10
	Poor
	1



	48
	Dhola’ah
	Local Access
	1/114
	315
	6.1
	1922
	12
	Bad
	0



	49
	Qirwee
	Local Access
	1/115
	431
	4
	1724
	11
	Bad
	0
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Table 4. Optimal maintenance activity plan by ISA algorithm to improve the pavement condition.






Table 4. Optimal maintenance activity plan by ISA algorithm to improve the pavement condition.





	
Section

	
Input Variables of ISA Algorithm

	
Section

	
Input Variables of ISA Algorithm




	
s

	
XMA(s, t = 1)

	
XMA (s, t = 2)

	
XMA (s, t = 3)

	
s

	
XMA(s, t = 1)

	
XMA (s, t = 2)

	
XMA (s, t = 3)






	
1

	
1

	
0

	
1

	
26

	
2

	
0

	
0




	
2

	
0

	
1

	
0

	
27

	
1

	
2

	
0




	
3

	
2

	
0

	
0

	
28

	
3

	
0

	
0




	
4

	
1

	
2

	
0

	
29

	
1

	
0

	
1




	
5

	
0

	
1

	
1

	
30

	
0

	
1

	
0




	
6

	
0

	
2

	
1

	
31

	
2

	
2

	
0




	
7

	
1

	
2

	
0

	
32

	
0

	
0

	
0




	
8

	
1

	
1

	
1

	
33

	
0

	
1

	
1




	
9

	
1

	
1

	
1

	
34

	
0

	
0

	
0




	
10

	
0

	
2

	
1

	
35

	
4

	
0

	
0




	
11

	
2

	
0

	
0

	
36

	
2

	
1

	
0




	
12

	
1

	
0

	
0

	
37

	
2

	
1

	
1




	
13

	
2

	
0

	
0

	
38

	
3

	
0

	
0




	
14

	
0

	
2

	
0

	
39

	
3

	
0

	
0




	
15

	
2

	
0

	
0

	
40

	
3

	
0

	
0




	
16

	
0

	
1

	
0

	
41

	
2

	
1

	
0




	
17

	
3

	
0

	
0

	
42

	
0

	
3

	
0




	
18

	
2

	
1

	
0

	
43

	
0

	
1

	
0




	
19

	
3

	
0

	
0

	
44

	
0

	
3

	
0




	
20

	
0

	
3

	
0

	
45

	
0

	
0

	
0




	
21

	
3

	
0

	
0

	
46

	
0

	
0

	
0




	
22

	
2

	
0

	
0

	
47

	
1

	
0

	
0




	
23

	
2

	
0

	
1

	
48

	
2

	
2

	
0




	
24

	
2

	
1

	
0

	
49

	
4

	
0

	
0




	
25

	
2

	
0

	
0
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Table 5. Total annual PCR and its maintenance cost.






Table 5. Total annual PCR and its maintenance cost.





	Year
	t = 0
	t = 1
	t = 2
	t = 3
	Sum of t = 1, 2, 3





	Total annual PCR
	60
	128
	166
	176
	470



	Average annual PCR
	1.22
	2.61
	3.39
	3.59
	9.59



	Annual cost ($)
	--
	78,272.06
	70,650.90
	20,623.38
	169,546.34
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