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Abstract

The condition of pavement networks gradually deteriorates over years of use. Finding
a suitable strategy to address this deterioration has become a key concern in pavement
maintenance. Recently, pavement agencies have been facing uncertainties in maintenance
and rehabilitation activities because of economic conditions and changes in climatic and
traffic conditions, which complicate planning for strategy determination. Therefore, it
is important for pavement agencies to be able to maximize pavement condition while
considering uncertainty and minimizing the maintenance budget. In this paper, a pavement
management model has been developed using a microscopic approach to overcome the
complexity. The microscopic pavement management problem is formulated as an integer
linear programming model, subject to budget constraints. The proposed microscopic model
incorporates integer variables representing the pavement sections to be treated by the
applicable maintenance and rehabilitation actions. Innovative approaches, cold paving
techniques, are applied in the paper, offering substantial benefits in terms of environmental
impact and resource efficiency. In the proposed model, distribution functions fitted to
historical data are used to evaluate pavement condition performance. The objective of
yielding optimum pavement conditions is achieved by considering uncertainty applied to
a given pavement system. A case study was conducted by examining a network of eight
pavement sections over a 5-year planning period. The model solutions are obtained by
integrating activities and the epsilon-constraint method. In addition, the results of each
solution are compared for the decision-maker. The results show that the proposed model is
an attractive method for managing pavement maintenance programs at the network level.

Keywords: big data (BD); pavement management system (PMS); microscopic approach;
pavement optimization

1. Introduction
As the most important type of infrastructure in the transport network in any country,

roads play a vital role in the movement of goods and passengers. Road pavement, an
essential component of this system, requires substantial national budget allocations for
development, maintenance, and repair each year [1].

Various techniques have been employed to investigate pavement performance, includ-
ing the mechanistic–empirical pavement design guide (MEPDG), artificial neural networks

Infrastructures 2026, 11, 252 https://doi.org/10.3390/infrastructures11070252

https://crossmark.crossref.org/dialog?doi=10.3390/infrastructures11070252&domain=pdf&date_stamp=2026-07-21
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/infrastructures
https://www.mdpi.com
https://orcid.org/0000-0003-3830-4555
https://doi.org/10.3390/infrastructures11070252


Infrastructures 2026, 11, 252 2 of 24

(ANN), regression analysis, probabilistic analysis, expert systems, artificial intelligence (AI),
machine learning, and pavement management systems (PMS) [2]. However, few studies
have utilized hybrid techniques and prediction models to analyze pavement problems and
develop cost-effective and efficient repair plans under financial constraints [3].

Asphalt pavement begins to deteriorate immediately after construction due to various
factors, causing its serviceability to decline over time. The pavement erosion trend is
highly uncertain because both traffic load and environmental conditions are influenced by
unpredictable factors. The condition of the pavement network can be managed at a certain
risk level and excessive costs due to unforeseen failures can be avoided by considering
the effect of uncertainty on the deterioration process and on the planning of maintenance
activities.

Traffic loads, the weight and frequency of vehicles, can lead to material fatigue,
deformation, and even eventual failure if the pavement is not correctly designed or
maintained [2]. Weather conditions also significantly impact the effectiveness and life-
cycle of pavement. Variations in temperature can cause the asphalt to expand and shrink,
resulting in various types of distress such as cracks. Precipitation can infiltrate through
cracks or joints, weakening the pavement structure by affecting the underlying layers [4,5].
To maintain the specifications a regular M&R plan for updating them is needed, decreasing
repair costs and increasing road safety [6]. The M&R plan is put into action, and strategies
are executed only after the specification update is complete. These strategies include cold
and warm techniques, neither of which is a new concept; however, innovations related to
their application and performance have increased their use. Based on environmental and
economic concerns, the reduction of the manufacturing temperature of mixtures and the
use of solid waste from old roads present numerous advantages compared with traditional
pavement.

Several pavement management models have been developed by providing the best
M&R plan in the past two decades. Many of these models were solved by assuming
specific and certain conditions. However, the conditions have fluctuated over time and
cannot be stated with certainty [7]. The authors have utilized various approaches to
model the complex issue of pavement management [8]. When the number of network
sections and various criteria increases, not only does the complexity of the M&R opti-
mization problem increase, but the problem also becomes a non-deterministic polynomial
time (NP-hard) problem [9]. The NP-hard problems are not solvable in nondeterminis-
tic polynomial time [10]. A decision policy formulates the M&R variables, and then an
appropriate optimization approach is used to solve the formulated model.

The complexity of pavement management can be significantly reduced by assigning
M&R variables to clusters. These clusters consist of pavement sections with similar climatic
and traffic characteristics. As a result, these sections can be used to determine the distribu-
tion functions for pavement deterioration. The microscopic approach involves identifying
each pavement section, while the macroscopic approach only requires determining the
pavement ratio for any given section. In the microscopic approach, M&R variables are
defined as integer values representing the number of pavement sections that need recon-
struction through M&R actions. Several pavement management models have utilized the
microscopic concept by applying optimization approaches [11].

The M&R program has been derived for any time period in a specified study [12].
The proposed pavement management model is implemented by integrating a performance
prediction model over a given time period. This model predicts pavement performance
by determining distribution functions, which are then used to forecast future pavement
conditions. If the performance model accurately predicts future pavement conditions,
highway agencies can allocate the necessary budget for M&R activities appropriately.
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Performance models represent pavement conditions using singular or composite indices,
which are selected based on data availability and the needs of highway agencies [13].

These indices are often subjective and require conversion of pavement deteriora-
tion data into a more practical index [14]. The Pavement Condition Index (PCI) is the
most commonly used index for evaluating pavements based on observations and visual
inspections [15]. Consequently, PCI is widely used as a criterion for assessing pavement
performance in this paper and is utilized for evaluating M&R plans. PCI is calculated after
quantifying the distresses present in the pavement sections. The type and severity of pave-
ment distress are assessed through visual inspection [16]. Furthermore, PCI can evaluate
material performance and pavement designs in addition to identifying maintenance needs
and prioritizing pavement rehabilitation projects [17].

Integer programming (IP) or mixed integer programming (MIP) models have been
used in several studies for scheduling M&R activities. However, existing M&R planning
models in the literature do not capture the multi-objective nature of the problem to ad-
dress this, and many researchers have adopted multi-objective optimization approaches
for M&R planning at the network level [18,19]. For instance, Wang et al. [20] demon-
strated a multi-objective MIP model for planning M&R activities, considering constraints
such as the available annual budget and minimum acceptable pavement conditions. The
results were applied to a pavement network consisting of ten sections. Additionally,
Chakroborty et al. [21] proposed a binary linear IP model to determine optimal M&R activ-
ities. Models based on deterministic assumptions can lead to inefficient maintenance plans
if traffic loads and environmental conditions are inaccurately predicted for certain years in
the planning period. Such suboptimal maintenance plans can result in unstable pavement
conditions. Therefore, it is crucial that M&R planning models account for the randomness
of conditions in addition to addressing multiple objectives.

Fani et al. [22] proposed a multistage stochastic MIP model to identify an optimal
possible plan from all scenarios under uncertainty. In the stochastic planning, the uncertain
parameters of failure and budget rate are described by a set of scenarios which have a
probability of occurrence. The problem leads to computational uncertainties.

Amin [23] has used mixed-integer programming for multi-objective optimization in
pavement maintenance management under budget uncertainty. The author employed the
weighting method to convert the functions into a single objective for a small network. The
programming assumes a deterministic budget which ignores the uncertainty of determining
the weight of objectives on the Pareto frontier. In the weighting method, the optimal
solution is highly dependent on the decision-maker’s choices, and determining the optimal
weights in a PMS that includes a wide range of routes is a complex and time-consuming
task. Furthermore, when the solution space is non-convex, it leads to dominated solutions
in the weighting method [24]. Cao and Sun [25] applied IP to big data (BD). The authors
implemented an air traffic flow optimization problem from the USA National Airspace
System (NAS).

While the mentioned studies used exact mathematical algorithms to find optimal
solutions for M&R scheduling, some studies employed evolutionary and metaheuristic
algorithms to solve the problem [14,26]. For instance, Naseri et al. [27] utilized five meta-
heuristic algorithms to address the M&R scheduling problem. However, evolutionary
and metaheuristic algorithms may not find the global optimal solution. The results of
M&R efforts from various metaheuristic algorithms significantly differed [27] because these
algorithms failed to find global solutions. In other words, the use of these algorithms
may lead to suboptimal solutions [16]. Some metaheuristic algorithms are not able to find
feasible solutions for binary variable in multi-objective problems such as NSGA II [28].
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Therefore, exact mathematical algorithms leading to optimal solutions are more appropriate
for solving the M&R scheduling optimization problem.

All of these predictive models used the International Roughness Index (IRI), which
has not achieved high quality, so it affects the efficiency of M&R scheduling optimization
significantly [14]. Pavement management at the network level often involves in multiple
objectives with uncertainty when predicting pavement condition. This study proposes an
integer linear programming model with two objective functions under budget constraints.
The main contribution of the proposed model is that it offers a simple optimization frame-
work for pavement maintenance planning with multiple objectives. The proposed integer
linear planning model produces an M&R plan for a route network over a planning period
that satisfies the budget requirements over the planning horizon as well as the pavement
condition requirements. The proposed model maximizes the pavement conditions and
minimizes the cost. The overall goal of the proposed model is to manage the pavement
condition over the planning period with efficient use of maintenance budget. The proposed
model also captures traffic load variations and temperature fluctuations and gives flexibility
to the decision-maker handling the variability in a simple way.

2. Methodology
Based on the above literature, deterioration models enabling the prediction of pave-

ment’s condition over its service life are key components of any PMS. The environment
for running such a system is characterized by the uncertainty of roads’ condition in the
future and the inaccuracy of the gathered data. Although the final maintenance plan of the
PMS relies heavily on the experience of decision-makers, it cannot fully utilize the power
of BD. In the BD era, data-driven intelligent decision-making is an inevitable development
trend across various fields of engineering optimization [29]. Both practicalities and eco-
nomics lead to significant challenges when solving complex multi-objective optimization
problems and must be considered in pavement maintenance decision-making [30]. This
problem is very difficult to solve by conventional methods because there is more than one
decision to be made. None of these decisions may be complex on its own, but it is not
easy to consider all of them in a model simultaneously. There are various techniques for
solving multi-objective problems such as goal programming, weighting methods, activity
integration, and the epsilon constraint method [31].

The proposed approach uses cluster analysis with similar traffic and climatic loading
characteristics and employs IP to determine optimal maintenance schedules for the road
sections requiring maintenance.

It is necessary to consider an abstract model of the real world with all existing con-
straints in order to plan effectively. Among the developed models for predicting pavement
deterioration based on pavement condition indices, the trend curve model, which can be
account for the uncertainties of the deterioration process while being simple to use, has
been selected in this paper. This model is considered one of the probabilistic modeling
methods for pavement deterioration. Unlike the Markov model, which considers the pave-
ment condition in different discrete states, the trend curve model considers a continuous
state and represents the pavement as a probability distribution [32].

The pavement deterioration function (Equation (1)) defines the ratio of the pavement
condition to its initial condition as exponential over time.

s = s0 exp(ξτ) (1)

Here, ξ is the deterioration rate parameter, s0 is the pavement condition at the beginning
of the period, s is the pavement condition at the end of the period, and (τ = t − t0) is
the duration of the forecast in years. The deterioration rate parameter ξ is considered to
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be a random variable with a normal distribution in the trend curve model ξ ∼ N(µ, σ2).
This distribution is used to model phenomena that have random characteristics and in
which values are naturally concentrated around a mean. In cases in which the distri-
bution is not normal, using BD helps to converge the distribution of a random variable
summation to a normal distribution, which is called the central limit theorem. The de-
terioration rate parameter is used to predict pavement condition values in future years
PCI(t) = PCI(t0) exp(ξt).

In this model, the problem is considered by two objective functions, achieving an
ideal default condition for the network sections at the end of the 5-year planning period:
(1) minimizing M&R costs and (2) maximizing pavement conditions. The goal of the first
objective function, which is formulated as Equation (2), is to minimize the budget costs for
maintenance works.

MinZ1 =
I

∑
i=1

J

∑
j=1

T

∑
t=1

Cijt × Xijt (2)

Here, Cijt is the cost of strategy i to section j at time t. Xijt is a decision that makes
strategy i reach section j at time t.

The main goal of cost optimization is to get approval for a budget from stakeholders
in the network (government, council, etc.). However, this is not the sole objective; the
additional objective of performance quality is also considered.

A pavement network is considered with a set J = {1, 2, . . ., j} representing the sections.
The set of maintenance plans is defined as I = {1, 2, . . ., i}, where the ith plan has the greatest
impact and simultaneously the highest cost. The planning time frame is represented as
a discrete set T = {1, 2, . . ., t}. In each interval of time, any given network section will
deteriorated as a result of various factors, including traffic volume and weather conditions.
A decision variable is defined as a binary variable in Equation (3):

Xijt =

{
1 −− > selection
0 −− > otherwise

}
(3)

The second objective function (Equation (4)) aims to maximize the overall condition
of the road network. Maximizing quality ensures that the final output of the M&R plans
meets acceptable standards.

MaxZ2 =
I

∑
i=1

J

∑
j=1

T

∑
t=1

PCIjt × UIi × Xijt (4)

PCIjt is the value of the PCI for section j at time t. UIi represents the increase in useful road
lifecycle after implementing the ith maintenance plan. The objective function of the cost
minimization model for M&R is formulated to focus on the budget constraint (Equation (5))
primarily, while its goal is to maximize system improvement. CT is the considered budget
for interval of time T. Equation (6) indicates that at least one of the maintenance strategies
must be selected for each network section. SL is the level of the serviceability which
agencies could present in Equation (7).

I

∑
i=1

J

∑
j=1

T

∑
t=1

Cijt × Xijt ≤ CT (5)

∀j ∈ J →
I

∑
i=1

T

∑
t=1

Xijt ≤ 1 (6)

∑
i

∑
j

∑
t

Xijt ≤ SL ×
∣∣Xijt

∣∣ (7)
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3. Clustering
Clustering groups similar objects, such as research subjects, into clusters by identifying

statistical quantities that objectively reflect the relationships between those objects [33].
A popular dynamic clustering method is K-means [34,35], which is used in this paper to
group traffic. Clustering is time-consuming, as the traffic is represented by BD. Default
software parameter settings are utilized to address this complexity.

Climatic clustering, meanwhile, is based on Gangi’s [36] fourfold classification divid-
ing Iran into four climate areas: moderate and humid (southern coasts of the Caspian Sea),
cold (western mountains), hot and dry (central plateau), and hot and humid (northern
coasts of the Persian Gulf) (Table 1).

Table 1. Climatic classification of the provinces of Iran based on Ganji’s fourfold climatic classifi-
cation [36].

Climatic Classification Province Roads

Cold

East Azarbaijan, West Azarbaijan, Ardabil, Alborz, Ilam,
Tehran, Chaharmahal Bakhtiari, Khorasan Razavi, North

Khorasan, Zanjan, Qazvin, Kurdistan, Kermanshah,
Kohkiloyeh and Boyer Ahmad, Lorestan, and Hamadan

Hot and dry Isfahan, South Khorasan, Semnan, Sistan and Baluchistan,
Fars, Qom, Kerman, Central, and Yazd

Hot and humid Bushehr, Khuzestan, and Hormozgan
moderate and humid Golestan, Gilan, and Mazandaran

To validate the results of the climate classification, hierarchical clustering was used
with the number of clusters set to four. Table 2 shows the data used in this clustering. The
results of the clustering are the same as Gangi’s fourfold classification.

Table 2. Climatic characteristics of provinces.

Province Roads Maximum Temperature Mean Minimum Temperature Mean Humidity Mean

East Azarbaijan 18.2 7.0 35.0
West Azarbaijan 17.8 5.4 39.0

Ardabil 15.6 3.2 52.0
Alborz 21.4 8.9 28.0

Ilam 22.8 11.1 22.0
Tehran 22.8 12.1 21.0

Chaharmahal Bakhtiari 20.2 3.1 20.0
Khorasan Razavi 21.3 7.5 30.0
North Khorasan 19.9 6.9 38.0

Zanjan 18.3 4.2 35.0
Qazvin 21.3 7.0 30

Kurdistan 21.7 5.7 23.0
Kermanshah 22.9 6.2 19.0

Kohkiloyeh and Boyer
Ahmad 22.6 7.7 18.0

Lorestan 25.3 9.1 21.0
Hamadan 19.5 3.6 26

K-Means Clustering

K-means is one of the most widely used clustering algorithms. The letter K refers to
the fixed number of clusters found based on data points in the vicinity of one another. In
this paper, the K value is set to two, corresponding to heavy and light traffic. The steps of
applying the K-means algorithm are as follows:
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1. Select K data points as the centroids of the clusters;
2. Determine the distances of the remaining data points from the centroids;
3. Assign the data points closest to each centroid as part of its cluster;
4. Calculate the average of each cluster and make that its new centroid;
5. Repeat steps two to four until there is no change in the clusters.

This paper’s clustering results are included in Appendix A.

4. Case Study
In Iran, rapid road deterioration is primarily attributed to inadequate maintenance of

these roads. Therefore, there is a need for systematic and continuous road maintenance
management, which can be aided by the adoption of a model providing a clear perspective
on the pavement behavior and the exhaustion degree. Given the existing financial con-
straints and the vast road network, it is essential to prioritize financial resources for the
maintenance of road sections at the highest deterioration risk.

As many quantitative factors used in maintenance activities rely on the principles
of statistics, i.e., probability and distribution functions, the aim of the present study is to
identify the distribution functions of the deterioration rates for each cluster using statistical
methods. The resulting means (M) and standard deviations (SD) are then used to predict
road pavement performance. For this purpose, eight separate clusters were formed by
Cartesian product rules, allowing a PCI to be predicted for each cluster.

Table 3 includes the statistics of the Anderson–Darling test and the p-value for the
heavy traffic/moderate and humid cluster. For the first-type error value (α), it is suggested
to consider p-values greater than α. The last column of Table 3 shows the results of the
likelihood ratio test comparing two-parameter distribution functions with three-parameter
distribution functions. It is evident that the highest p-value corresponds to the normal
distribution with an M and SD of 0.1 and 0.064, respectively.

Table 3. Distribution functions.

Distribution Function Anderson Darling p-Value LRT P

Normal 0.140 0.959 -
Lognormal 0.682 0.051 -

3-Parameter Lognormal 0.157 - 0.040
Exponential 0.571 0.369 -

2-Parameter Exponential 0.673 0.134 1.000
Weibull 0.310 >0.250 -

3-Parameter Weibull 0.179 >0.500 0.555
Gamma 0.377 >0.250 -

3-Parameter Gamma 0.407 - 1.000

The results for other clusters are presented in Table 4. In the real world, the existence
of incomplete and missing data is an inevitable reality that affects the efficiency of the
maintenance process in many cases. As a result, there are more fluctuations because the
standard deviation is high relative to the mean. The mean of normal distribution was
applied for determining the deterioration rate parameter ξ. A pairwise comparison of
the traffic factor shows that, under identical weather conditions, roads subjected to heavy
traffic have a higher deterioration rate than those under light traffic.

The service life of pavement is largely affected by its environment. For instance, the
presence of salt has a negative impact on asphalt pavement in coastal areas [37]. In the
southern and northern coastal areas of Iran, the air humidity is high, and the moisture
contains high levels of salt. In addition, pavement suffers from dry–wet cycles as a result of
tidal patterns.
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Table 4. Distribution function parameters.

Traffic Condition Weather Condition Distribution Type Mean Standard Deviation

Heavy Hot and humid Normal approximation 0.125 0.066
Heavy Moderate and humid Normal distribution 0.100 0.064
Heavy Hot and dry Normal approximation 0.042 0.017
Heavy Cold Normal distribution 0.059 0.028
Light Moderate and humid Normal approximation 0.036 0.014
Light Hot and humid Normal distribution 0.047 0.026
Light Hot and dry Normal distribution 0.015 0.006
Light Cold Normal distribution 0.010 0.003

The proposed method is designed to be applied to any road type by selecting a road
from each cluster in the case study. One is the Ardabil to Nir road, which has light traffic
and a cold climate and connects Ardabil to Tabriz. Another is the Gorgan to Aqqala road,
which also has light traffic and a moderate and humid climate, connecting Gorgan to the
Incheh Borun border. Furthermore, there is the Ardestan to Isfahan road, which connects
Kashan to Isfahan and has light traffic and a hot and dry climate. Beyond those, the
remaining roads’ information is presented in Table 5, which includes the maintenance costs
for each.

Table 5. Maintenance costs.

Classification (j) Road Traffic
Condition

Weather
Condition

First Year
Cost

Second
Year Cost

Third
Year Cost

Forth Year
Cost

Fifth Year
Cost

1 Hajiabad–Bandar
Abbas Heavy Hot and

humid 2000 8400 14,400 26,000 31,000

2 Sari–Qaemshahr Heavy Moderate
and humid 7000 12,000 21,600 35,000 42,000

3 Tabriz–Sofiyan Heavy Cold 2000 8400 14,400 17,000 20,000
4 Salafchagan–Qom Heavy Hot and dry 10,000 12,000 21,600 26,000 31,000

5 Bushehr–Borazjan Light Hot and
humid 2000 2400 3000 12,000 14,400

6 Gorgan–Aqqala Light Moderate
and humid 2000 2400 10000 12,000 14,400

7 Ardestan–Isfahan Light Hot and dry 15,000 24,000 29,000 35,000 42,000
8 Ardabil–Nir Light Cold 7000 8400 10,000 12,000 14,400

This paper includes five classes of pavement conditions, as shown in Table 6. This is
an important step which shows maintenance plans along with conditions.

Table 6. Sample maintenance strategies.

Maintenance Plan (i) PCI Condition M&R Strategy Description Lifecycle Increase
(le) in Years

Increase Index
of Road Useful
Lifecycle (UI)

1 (90, 100] Fantastic
Partial-depth

reclaimed
pavement

No noteworthy
deficiencies 1 0.1

2 (80, 90] Fine Crack repair Some minor
problems 2 0.2

3 (70, 80] Medium Patching Minor section
loss 3 0.3

4 (60, 70] Weak Slurry seal Advanced
section loss 4 0.4

5 PCI < 60 Very weak Full-depth
reclamation

Beyond
corrective

action
5 0.5
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The literature describes two types of M&R activities: reactive activities, which are
unscheduled and occur after emergency failures, and preventive activities, which are taken
to prevent emergency failures. In this paper, all maintenance strategies are considered
preventive activities, as these show that on the long term, performing preventive activities
can lead to the reduction of payment by 3–5 times compared to the reactive activities
practiced in the conventional method [38]. Cold and warm techniques for pavement offer
sustainable and cost-effective alternatives to traditional paving techniques, particularly
in regions with fluctuating temperatures. These techniques involve producing and laying
materials at lower temperatures than traditional techniques, resulting in reduced energy
consumption and emissions. Pavement preservation promotes environmental sustainabil-
ity by conserving energy, virgin materials, and reducing greenhouse gases by keeping
good roads good [39]. Cold and warm pavement techniques are generally cheaper than
traditional pavement techniques in terms of maintenance, but a slight decrease in fatigue
life in comparison with traditional techniques was noted [40]. Five strategies of cold tech-
niques, which can be more economical and used in a wider range of weather conditions,
are utilized for pavement maintenance: partial-depth reclaimed pavement, crack repair,
patching, slurry seal, and full-depth reclamation.

• Partial-depth reclaimed (PDR) pavement focuses on recycling the upper portion of the
pavement for rehabilitation purposes.

• Crack repair involves filling in cracks with a sealant to prevent water and debris from
entering the pavement.

• Cold patching involves using pre-mixed cold asphalt mixtures to repair potholes and
other minor damage.

• Slurry seal is a cost-effective method for addressing various pavement issues, including
surface distress, loss of texture, and water penetration. It extends the lifespan of
pavements and enhances safety by improving skid resistance.

• Full-depth reclamation (FDR) involves pulverizing the existing asphalt pavement and
a portion of the underlying base, blending it with a stabilizing agent (like asphalt
emulsion, cement, or lime), and then compacting it to create a new, stable base layer.
This technique is particularly useful for addressing structural deficiencies like rutting,
cracking, and base failures.

Additionally, the latter involves extensive repairs requiring the complete closure of the
road to traffic. The first-year costs associated with each maintenance strategy are estimated
at IRR 2000, 7000, 10,000, 15,000, and 20,000, respectively, and those can be understood to
increase by 20 percent annually with inflation in Iran. Table 7 lists the data input for the
budgeting cost.

Table 7. Data used in the model.

Maintenance Plan (i) PCI First Year Cost Second Year Cost Third Year Cost Forth Year Cost Fifth Year Cost

1 (90, 100] 2000 2400 3000 3600 4300
2 (80, 90] 7000 8400 10,000 12,000 14,400
3 (70, 80] 10,000 12,000 14,400 17,000 20,000
4 (60, 70] 15,000 18,000 21,600 26,000 31,000
5 PCI < 60 20,000 24,000 29,000 35,000 42,000

The paper also analyzes the impact of each maintenance strategy on the condition
of a pavement section. This is achieved by assessing a strategy’s estimated improvement,
which is derived from Equation (8) and is shown in the last column of Table 6.
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UIi =
lei

mlei
(8)

Here, UIi is the Useful Lifecycle Index i, lei is the increase of lifecycle for maintenance
strategy i in years, and mlei is the maximum increase of lifecycle for maintenance strategy i
in years (usually 10).

It is necessary to collect appropriate data in order to define the objective functions.
The input data used for the completed work condition is listed in Table 8. To determine
the values being presented in Table 9, it is essential to forecast the pavement condition in
various years.

Table 8. The increasing rate of road lifecycle.

Classification (j) Road PCI Increase
in First Year

PCI Increase in
Second Year

PCI Increase
in Third Year

PCI Increase in
Fourth Year

PCI Increase
in Fifth Year

1 Hajiabad–Bandar
Abbas 0 11.75 22.12 27.49 24.26

2 Sari–Qaemshahr 16 21.71 26.20 29.63 26.81
3 Tabriz–Sofiyan 9 15.16 20.02 22.62 21.32
4 Salafchagan–Qom 22.50 21.57 27.58 26.45 25.36
5 Bushehr–Borazjan 0 4.60 8.97 13.16 16.57
6 Gorgan–Aqqala 5 8.36 11.60 14.73 16.45
7 Ardestan–Isfahan 24 29.55 29.11 28.67 28.25
8 Ardabil–Nir 15 15.85 16.66 16.50 16.33

Table 9. Forecast of pavement condition.

Classification (j) Road Deterioration
Rate (ξ)

First Year
Pavement
Condition

Second Year
Pavement
Condition

Third Year
Pavement
Condition

Forth Year
Pavement
Condition

Fifth Year
Pavement
Condition

1 Hajiabad–
Bandar Abbas 0.125 100 88.28 77.88 68.73 60.65

2 Sari–Qaemshahr 0.1 80 72.38 65.50 59.26 53.62
3 Tabriz–Sofiyan 0.059 90 84.84 79.98 75.40 71.08

4 Salafchagan–
Qom 0.042 75 71.91 68.95 66.12 63.40

5 Bushehr–
Borazjan 0.047 100 95.40 91.03 86.84 82.86

6 Gorgan–Aqqala 0.036 95 91.64 88.40 85.27 82.26

7 Ardestan–
Isfahan 0.015 60 59.10 58.22 57.35 56.50

8 Ardabil–Nir 0.01 85 84.15 83.32 82.48 81.66

Two objectives are defined based on this metric. The first objective is to minimize
maintenance costs, and the second is to maximize the road lifecycle.

• Equation (9) is the objective function for minimizing total maintenance costs. The
coefficients of the variables are extracted from Table 5.

MinZ2 = 2000X111 + 8400X212 + 14400X313 + 26000X414 + 31000X415 + 7000X221 + 12000X322 + 21600X423

35000X524 + 42000X525 + 2000X131 + 8400X232 + 14400X333 + 17000X334 + 20000X335 + 10000X341 + 12000X342 + 21600X443

26000X444 + 31000X445 + 2000X151 + 2400X152 + 3000X153 + 12000X254 + 14400X255 + 2000X161 + 2400X162 + 10000X263

12000X264 + 14400X265 + 15000X471 + 24000X572 + 29000X573 + 35000X574 + 42000X575 + 7000X281 + 8400X282 + 10000X283

12000X284 + 14400X285

(9)
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• The objective function expressed by Equation (10) aims to maximize the useful road
lifecycle. The coefficients of the variables are obtained from Table 8.

MaxZ1 = 0X111 + 11.75X212 + 22.12X313 + 27.49X414 + 24.26X415 + 16X221 + 21.71X322 + 26.2X423 + 29.63X524+

26.81X525 + 9X131 + 15.16X232 + 20.02X333 + 22.62X334 + 21.32X335 + 22.5X341 + 21.57X342 + 27.58X443 + 26.45X444 + 25.36X445 + 0X151

+4.6X152 + 8.97X153 + 13.16X254 + 16.57X255 + 5X161 + 8.36X162 + 11.6X263 + 14.73X264 + 16.45X265 + 24X471

+29.55X572 + 29.11X573 + 28.67X574 + 28.25X575 + 15X281 + 15.85X282 + 16.66X283 + 16.5X284 + 16.33X285

(10)

The above objective functions are subject to the following constraints:

• The total maintenance costs must not exceed the total allocated budget (Equation (11)).
The coefficients of the variables are extracted from Table 5.

2000X111 + 8400X212 + 14400X313 + 26000X414 + 31000X415 + . . . + 12000X284 + 14400X285 ≤ 31000 (11)

• To optimize the objective functions, one of the maintenance strategies expressed by
Equations (12) and (20) must be selected.

X111 + X212 + X313 + X414 + X415 ≤ 1 (12)

X221 + X322 + X423 + X524 + X525 ≤ 1 (13)

X131 + X232 + X333 + X334 + X335 ≤ 1 (14)

X341 + X342 + X443 + X444 + X445 ≤ 1 (15)

X151 + X152 + X153 + X254 + X255 ≤ 1 (16)

X161 + X162 + X263 + X264 + X265 ≤ 1 (17)

X471 + X572 + X573 + X574 + X575 ≤ 1 (18)

X281 + X282 + X283 + X284 + X285 ≤ 1 (19)

X111 + X212 + . . . X285 ≤ %100 × 40 (20)

• The variable Xijt must take a value of 0 or 1. If a road is chosen for maintenance, the
value will be 1; otherwise, it will be 0.

Xijt =

{
0
1

}
(21)

4.1. Solving the Model with Merged Activity Method

To merge the objective functions, the maximum pavement condition function is placed
into the fraction’s numerator, and the minimum cost function is placed into the fraction’s
denominator. Table 10 shows the values of the integrated objective functions used for the
case study. Various software packages exist for solving mathematical models. MATLAB
2015b was used in this paper (see Appendix B).
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After solving the model, the value of the integrated objective function is equal to 0.0179,
and the values of the cost and pavement condition objective functions are 22,400 and 54.83,
respectively. Table 11 shows the results for 100% serviceability. Variables having a value of
one are the roads where the maintenance plans should be executed.

Since the PCI value in the first year is equal to 100, no M&R plan has been considered
for the Hajiabad to Bandar Abbas road. Similarly, no M&R plan is needed due to the low
deterioration rate for the Ardestan to Isfahan road.

Crack repair has been planned for the Sari to Qaemshahr road, and partial-depth
pavement reclamation is scheduled for the Tabriz to Sofiyan road in the first year. Patching
work is proposed for the Salafchagan to Qom road in the first year, and partial-depth
pavement reclamation is suggested for the Bushehr to Borazjan road in the third year. In
the second year, a partial-depth pavement reclamation has been encouraged for the Gorgan
to Aqqala road, and crack repair has been recommended for the Ardabil to Nir road in the
first year.

This M&R planning helps to extend the road lifecycle by 1.7 years. At the same
time, it increases the PCI by 10 percent for the overall road rating. To validate model
performance, this multi-objective integer linear programming problem was transformed
into a single-objective linear programming model using the weighted sum method.

MinZ1andMaxZ2 → MinZ = [ω × Z1 − (1 − ω)× Z2] (22)

Here, ω ∈ [0, 1]. Equation (22) shows the transformation of the multi-objective program-
ming model into a single-objective function Z. Z1 represents the objective function de-
scribed in Equation (2), and Z2 represents the second objective as expressed by Equation (4).
A negative sign is added to the second objective function to formulate it as a minimization
problem. Table 12 shows that the results are the same as those of the proposed method if
the weight of the cost objective function is less than or equal to the weight of the pavement
condition objective function.

4.2. Solving the Model with Epsilon Constraint Method

The epsilon constraint method, first introduced by Haims, Lasdon, and Weiss
in 1971 [41], ranks among the best-known techniques for solving multi-objective opti-
mization problems. In the method, each objective is sequentially positioned as the objective
function in multi-objective problems, while the other objectives are treated as constraints
with very small values set to epsilon. The method yields one solution for the objectives in
any iteration, with the number of iterations specified by the user [42].

In the study, the dual objectives of minimizing costs and maximizing pavement
condition were solved with the epsilon constraint method using GAMS 24.9.2 software on
a system with a 2.16 GHz processor and 2 GB of RAM over 10 iterations. The best solution,
presented in Table 13 for 100% serviceability, was obtained using the CPLEX solver in the
final iteration. The objective functions of cost and pavement condition equaled 24,000 and
62.47, respectively, which slightly differ from what integrating objective functions returned.
However, the solution did not consider an M&R plan for the road from Ardabil to Nir and
allocated a partial-depth pavement reclamation plan for the road from Gorgan to Aqqala
in the first year instead of the second year. As a consequence, road lifecycle changed to
a single year and altered the PCI to 8% for the overall road rating compared with the
integration of objective functions.
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Table 10. Coefficients of the integrated objective functions.

Objective
Function

Coefficients
X111 X212 X313 X414 X415 X221 X322 X423 X524 X525 X131 X232 X333 X334 X335 X341 X342 X443 X444 X445

Z1 0 11.75 22.12 27.49 24.26 16 21.71 26.20 29.63 26.81 9 15.16 20.02 22.62 21.32 22.50 21.57 27.58 26.45 25.36
Z2 2000 8400 14,400 26,000 31,000 7000 12,000 21,600 35000 42,000 2000 8400 14,400 17,000 20,000 10,000 12,000 21,600 26,000 31,000
Z 0 0.0014 0.0015 0.0011 0.008 0.0023 0.0018 0.0012 0.0008 0.0006 0.0045 0.0018 0.0014 0.0013 0.0011 0.0022 0.0018 0.0013 0.0010 0.008

Objective
Function

Coefficients
X151 X152 X153 X254 X255 X161 X162 X263 X264 X265 X471 X572 X573 X574 X575 X281 X282 X283 X284 X285

Z1 0 4.60 8.97 13.16 16.57 5 8.36 11.60 14.73 16.45 24 29.55 29.11 28.67 28.25 15 15.85 16.66 16.50 16.33
Z2 2000 2400 3000 12,000 14,400 2000 2400 10,000 12,000 14,400 15,000 24,000 29,000 35,000 42,000 7000 8400 10,000 12,000 14,400
Z 0 0.0019 0.0033 0.0011 0.0012 0.0025 0.0035 0.0012 0.0012 0.0011 0.0016 0.0012 0.0010 0.0008 0.0007 0.0021 0.0019 0.0017 0.0014 0.0011

Table 11. Optimal solution.

Objective
Function

Coefficients
X111 X212 X313 X414 X415 X221 X322 X423 X524 X525 X131 X232 X333 X334 X335 X341 X342 X443 X444 X445

Variable Value 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0
Objective
Function

Coefficients
X151 X152 X153 X254 X255 X161 X162 X263 X264 X265 X471 X572 X573 X574 X575 X281 X282 X283 X284 X285

Variable Value 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0
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Table 12. Optimal solution for various weights.

Iteration Variable
Objective
Function

Weight of Cost

Objective
Function Weight

of Condition

1 ∀i Xi = 0 0.9 0.1
2 X131 = 1 X162 = 1 X153 = 1 Xother = 0 0.7 0.3
3 X131 = 1 X153 = 1 X162 = 1 X281 = 1 X341 = 1 X221 = 1 Xother = 0 0.5 0.5
4 X131 = 1 X153 = 1 X162 = 1 X281 = 1 X341 = 1 X221 = 1 Xother = 0 0.3 0.7
5 X131 = 1 X153 = 1 X162 = 1 X281 = 1 X341 = 1 X221 = 1 Xother = 0 0.1 0.9

Table 13. Optimal solution in the final iteration.

Objective
Function

Coefficients
X111 X212 X313 X414 X415 X221 X322 X423 X524 X525 X131 X232 X333 X334 X335 X341 X342 X443 X444 X445

Variable Value 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0
Objective
Function

Coefficients
X151 X152 X153 X254 X255 X161 X162 X263 X264 X265 X471 X572 X573 X574 X575 X281 X282 X283 X284 X285

Variable Value 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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The Pareto frontier is defined as the set of all non-dominated solutions. This curve is
formed by varying the value of an objective function between two extremes. Figure 1 shows
the Pareto frontier for the problem of minimizing cost and maximizing pavement condition.
The points on this curve are the set of all Pareto solutions; that is, the frontier shows the
tradeoff between objective 1 and objective 2. If the overall improvement of condition is 9,
the cost will be IRR 2000. However, tripling the improvement of condition increases the
cost 3.7 times.
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Figure 1. Pareto frontier.

Indeed, Figure 1 shows the relationship between the objective functions, and it clearly
illustrates how increasing costs leads to an increase in the road lifecycle. Ultimately, the
main objective of M&R activity is to prevent pavement failure and to extend the road
lifecycle. Table 14 also shows a sensitivity analysis of variable variations to achieve the
optimal solution.

4.3. Serviceability Level Changes

There are no common decision variables that produce a 25% serviceability level from both
solving methods. In the merged activity method, three decision variables, [X131, X153, X162],
are selected by 50% serviceability, while other decision variables, [X221, X131, X341], are chosen
in the epsilon constraint method. Table 15 shows that decision variables are converged to by
the two methods if the serviceability level is increased by 100%.

Table 14. Sensitivity analysis of variable variations.

Iteration Variable

Objective
Function
Weight of

Cost

Objective
Function
Weight of
Condition

1 X131 = 1 Xother = 0 2000 9.000
2 X131 = 1 X161 = 1 Xother = 0 4000 14.000
3 X131 = 1 X152 = 1 X162 = 1 Xother = 0 6800 21.960
4 X131 = 1 X153 = 1 X162 = 1 Xother = 0 7400 27.330
5 X221 = 1 X131 = 1 X153 = 1 Xother = 0 12,000 34.970
6 X221 = 1 X131 = 1 X153 = 1 X162 = 1 Xother = 0 14,400 43.330
7 X131 = 1 X341 = 1 X153 = 1 X162 = 1 Xother = 0 17,400 49.830
8 X221 = 1 X131 = 1 X153 = 1 X161 = 1 X281 = 1 Xother = 0 21,000 54.970
9 X221 = 1 X131 = 1 X341 = 1 X153 = 1 X161 = 1 Xother = 0 24,000 62.470
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Table 15. Serviceability level changes.

Level
Decision Variables

Merged Activity Method Epsilon Constraint Method

25% [X162, X131] [X221, X341]
50% [X131, X153, X162] [X221, X131, X341]
75% [X221, X131, X153, X162] [X221, X131, X341, X161]
100% [X221, X131, X341, X153, X162, X281] [X221, X131, X341, X153, X161]

5. Result
The decision-making process regarding road selection and prioritization at the network

level differs from the selection of repair methods for individual roads and their components,
which is a project-level decision. This paper presents a model that has been developed to
support both project-level and network-level decisions. A key achievement of this paper
is the creation of an accurate PCI prediction model that surpasses traditional empirical
approaches, demonstrating the effectiveness of advanced machine learning techniques.
Pavement design is crucial in creating a structure that distributes traffic loads over a larger
area of the sub-grade, thereby minimizing stress and preventing deformation or failure.
Traffic loads, which encompass the weight and frequency of vehicles, can lead to material
fatigue, deformation, and eventual failure if the pavement is not properly designed or
maintained. Additionally, weather conditions can significantly impact the effectiveness
and lifecycle of pavement. Therefore, developing an efficient M&R approach is crucial
in PMSs.

A key requirement in this process is the pavement performance function for modeling
the M&R scheduling problem. Consequently, a pavement performance prediction model
has been developed to describe the deterioration trend of the pavement throughout its
service life in the first phase. Clustering techniques prove to be valuable in predicting
pavement performance. This paper introduces a clustering method that groups different
pavement sections with similar climatic and traffic conditions, allowing the modeling of
pavement deterioration in terms of PCI within the same group of sections. Future research
should also consider other pavement indices. In the case study presented, traffic data is
divided into two clusters: light and heavy traffic. Future studies are expected to expand the
traffic cluster range and conduct comparative analyses. Statistical models are utilized to
determine the distribution functions of the pavement deterioration rate within each cluster,
with parameters estimated accordingly.

This paper presents a multi-objective model for the M&R scheduling problem, with
objective functions aimed at minimizing M&R costs and maximizing pavement condition
within a limited planning horizon in the second phase. The proposed model also includes
the feature of variable conditions. The variable conditions are formulated using the un-
certainty set concept from the statistical methods. The variable conditions can capture
the random characteristics of the conditions to some extent in order to generate variable
condition updates. This feature provides the flexibility to examine the possible condition
variations. A case study has been carried out on a small network consisting of eight pave-
ment sections to demonstrate the applicability of the proposed model in pavement M&R
planning to manage pavement condition fluctuation at the network level.

The pavement scheduling problem can be addressed using various mathematical
models. This paper introduces a MIP model to identify optimal maintenance strategies.
Researchers may apply different strategies to all road sections for further investigation.
Although the examined objectives conflict with one another, optimizing one objective may
yield unacceptable results for another. Two approaches, activity integration and epsilon
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constraint, were employed to compare results. Based on the findings, M&R strategies
show insignificant differences between both approaches. The activity integration approach
results in an increase of up to 1.25 years in the road lifecycle and a 10% improvement in
PCI, while the epsilon constraint approach leads to a 1-year increase in the road lifecycle
and an 8% improvement in PCI.

6. Conclusions
Asphalt pavement begins to deteriorate immediately after construction due to various

factors, causing its serviceability to decline over time. An uncertain model was developed
by considering serviceability level. The proposed model is able to synthesize innovative
maintenance strategies, such as cold and warm techniques, and is compatible with any
solution method. Result analysis showed that up to 50% of the pavement maintenance
strategies included partial-depth pavement reclamation plans. It is suggested that warm
pavement techniques be considered in future studies. One of this paper’s limitations is the
lack of accurate data on traffic loads and temperature fluctuations. Another limitation is
that cold pavement costs were considered to be close to traditional pavement costs.

In summary, the proposed model can be applied as a tool to help decision-makers to
make a more rational decision in managing pavement condition updates at the network
level, which is not considered in the majority of the literature. This model will assist the
pavement management decision-maker to develop a pavement M&R plan considering
pavement condition fluctuation.
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Appendix A
Appendix A.1. Cluster 1

Table A1. Cold–heavy conditions.

Row Road Row Road

1 Hossein Abad–Divandara 13 Tabriz–Zanjan freeway
2 Kermanshah–Mahidasht 14 Tabriz–Sofiyan
3 Biston–Harsin three-way 15 Marand–Ivaghli
4 Biston–Sahne 16 Tabriz–Ilakhchi
5 Scene–Kangavar 17 Tehran–Karaj freeway
6 Saleh Abad–Hamedan 18 Karaj–Qazvin freeway
7 Kermanshah–Biston 19 Tehran–Saveh freeway
8 Arak–Broujerd 20 Sharifabad–Pakdasht
9 Zal Bridge–Khorramabad freeway 21 Mashhad–Nishabur

10 Khorramabad–Poldakhtar 22 Zanjan–Qazvin freeway
11 Saveh–Hamadan freeway 23 Buyin Zahra–Saveh
12 Hamedan–Korijan

Appendix A.2. Cluster 2

Table A2. Hot and dry–heavy conditions.

Row Road Row Road

1 Izdakhast–Abadeh 20 Qom–Kashan freeway
2 Abadeh–Surmaq 21 Kashan–Natanz freeway
3 Surmaq–Safashehr 22 Zarin Shahr–Isfahan
4 Safashahr–Saadatshahr 23 Saveh–Salafchagan freeway
5 Saadat Shahr–Marvdasht 24 Salafchegan–Delijan
6 Marvdasht–Shiraz 25 Dilijan–Meyme
7 Yazd–Mehriz 26 Meyme–Morche Khort
8 Tehran–Qom highway 27 Morche Khort–Isfahan
9 Tehran–Qom (old road) 28 Isfahan–Shahreza

10 Salafchagan–Qom 29 Isfahan–Sajzi
11 Anar–Rafsanjan 30 Sajzi–Naein
12 Bardesir–Sirjan 31 Kashan–Ardestan
13 Bam–Zahedan 32 Ardestan–Naein
14 Anar–Shahrbabak 33 Nain–Aqada
15 Kerman–Baghin 34 Aqada–Ardakan
16 Baghin–Rafsanjan 35 Qom–Garmsar freeway
17 Mahan–Bam 36 Damghan–Semnan
18 Arak–Salafchagan 37 Niriz–Qatrouye
19 Ardakan–meybod 38 Shahreza–Izadkhast

Appendix A.3. Cluster 3

Table A3. Hot and humid–heavy conditions.

Row Road Row Road

1 Bandar Imam–Mahshahr 5 Andimeshk–Zal Bridge freeway
2 Lar–Bandar Abbas 6 Ahvaz–Bandar Imam highway
3 Gehkam–Hajiabad three-way 7 Andimeshk–Shush
4 Hajiabad–Bandar Abbas 8 Shush–Ahvaz

Appendix A.4. Cluster 4

Table A4. Moderate and humid–leavy conditions.

Row Road Row Road

1 Sari–Qaemshahr 2 Qazvin–Rasht
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Appendix A.5. Cluster 5

Table A5. Hot and humid–light conditions.

Row Road Row Road

1 Hamidiyeh–Sosangerd 22 Asaluyeh–Chgadak–Kangan
2 Sosangard–Bostan 23 Borazjan–Genaveh
3 Bostan–Chezabe 24 Ganaveh–Dilam
4 Ahvaz–Khorramshahr 25 Bandar Deir–Busher
5 Mahshahr–Hendijan 26 Bushehr–Borazjan
6 Asalouye–Parsian 27 Borazjan–Kazerun
7 Khorramshahr–Shalmcheh 28 Jam–Siraf
8 Haftgol–Baghmalek 29 Dilam–Hendijan
9 BaghMalek–Izeh 30 Leirdoff–Jask

10 Izeh–Dehdz 31 Abadan–Khorramshahr
11 Dehloran–Andimeshk 32 Abadan–Ahvaz

12 Kopal three way–Ramshir–Bandar
Mahshahr 33 Darkhoin–Shadgan

13 Jasek–Minab three-way 34 Shadgan–Sarbandar
14 Bashagard–Minab 35 Andimeshk–Dezful
15 Parsian–Bandar Lenge 36 Dezful–Shushtar
16 Bandar Lenge–Bastak 37 Shushtar–Molasani
17 Bastak–Lar 38 Molasani–Ahvaz
18 Bandar Abbas–Chah Ismail three-way 39 Ahvaz–Omidiye
19 Chah Ismail three way–Faryab three-way 40 Omidiye–Dilam
20 Faryab three way–Ziarat Ali 41 Dilam–Behbahan
21 Ahvaz–Hamidiyeh 42 Behbahan–Gachsaran

Appendix A.6. Cluster 6

Table A6. Moderate and humid–light conditions.

Row Road Row Road

1 Lahijan–Astane 26 Azadshahr–Shahrood
2 Astane–Kuchsefahan 27 Azadshahr–Aliabad
3 Kochsefahan–Rasht 28 Aliabad–Gorgan
4 Hassan Roud–Kiashahr 29 Azadshahr–Gonbadkavos
5 Khommam–Pirbazar 30 Gorgan–Aqqala
6 Saravan–Foman 31 Aqqala–Incheh Borun
7 Amol–Roudhen 32 Incheh Borun–Gonbadkavos
8 Amol–Babol 33 Kurdkoy–Bander Turkmen
9 Amol–Mahmudabad 34 Kurdkoy–Gorgan

10 Mahmudabad–Noor 35 Rasht–Rodbar freeway
11 Noor–Nowshahr 36 Qazvin–Manjil freeway
12 Nowshahr–Chalus 37 Isalem–Khalkhal
13 Babol–Babolsar 38 Anzali–Rezvanshahr
14 Babolsar–Feridunkenar 39 Rasht–Khommam
15 Babol–Qaemshahr 40 Khommam–Anzali
16 Tonekabon–Abbas Abad 41 Pirbazar–Rasht
17 Abbas Abad–Chalus 42 Talesh–Isalem
18 Tonekabon–Ramsar 43 Asalem–Ponell
19 Chalus–Karaj 44 Ponell–Ziabar
20 Sari–Kiasar 45 Ziabar–Pirbazar
21 Sari–Neka 46 Talesh–Rasht
22 Neka–Behshahr 47 Chaboksar–Kalachai
23 Behshahr–Galugah 48 Kalachai–Rudsar
24 Feridunkenar–Mahmudabad 49 Rudsar–Langrod
25 Firouzkoh–Qaemshahr 50 Langrod–Lahijan
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Appendix A.7. Cluster 7

Table A7. Hot & dry–Light conditions.

Row Road Row Road

1 Tabas–Yazd 58 Isfahan–Moalem highway
2 Nehbandan–Shahdad 59 Ardestan–Isfahan
3 Moaleman–Damghan 60 Natanz–Isfahan freeway
4 Semnan–Mahdishahr 61 Isfahan–Najafabad
5 Mahdishahr–Shahmirzad 62 Najafabad–Tiran
6 Shahmirzad–Folad Mahale 63 Tiran–Daran
7 Miami–Garme 64 Daran–Aligodars
8 Estahban–Neiriz 65 Zarinshahr–Shahrekord
9 Qaemiyeh–Noorabad 66 Naein–Anarak

10 Noorabad–Gachsaran 67 Anarak–Khor
11 Dasht Arjan–Kazeron 68 Khor–Tabas
12 Lar–Jahrom 69 Borujen–Mobarake
13 Jahrom–Kovar three-way 70 Tiran–Saman
14 Shiraz–Sarvestan 71 Khomein–Golpayegan
15 Sarvestan–Fasa 72 Golpayegan–Khansar
16 Fasa–Darab 73 Khansar–Damane
17 Qir–Firouzabad 74 Jandaq–Moaleman three-way
18 Firouzabad–Kovar 75 Shahreza–Samirom
19 Kovar–Shiraz 76 Iranshahr–Nikshahr
20 Shiraz–Kazeron 77 Nikshahr–Chabahar
21 Kazeron–Borazjan 78 Chabahar–Zarabad
22 Shiraz–Sepidan 79 Zarabad–Lirdof
23 Sepidan–Yasuj 80 Bampor–Iranshahr
24 Mehriz–Dehshir 81 Khash–Iranshahr
25 Dehshir–Abarkoh 82 Bampor–Galmurti
26 Abarkoh–Surmaq three-way 83 Golmurti–Rodbar
27 Firouzabad–Jam 84 Bam–Nosrat Abad
28 Bastak–Lar 85 Nosrat Abad–Zahedan
29 Lar–Grash 86 Milak–Zahak
30 Grash–Oz 87 Zahak–Zabol
31 Oz–Khenj 88 Zabol–Dashtak three-way
32 Khenj–Qir 89 Zahedan–Khash
33 Galehdar–Mehr 90 Zahedan–Mirjaveh
34 Mehr–Lamerd 91 Saravan–Kuhak
35 Lamerd–Lar 92 Nehbandan–Zahedan
36 Salfechegan–Saveh (old road) 93 Gonabad–Ferdous
37 Qom–Jafarieh 94 Bejestan–Ferdous
38 Qom–Neizar 95 Birjand–Sarbisheh
39 Qom–Kashan (old road) 96 Sarbisheh–Shousef
40 Kerman–Chatrod 97 Shousef–Nehbandan
41 Chatrod–Ravar 98 Birjand–Asadie

42 Bam–Iranshahr 99 Birjand–Khousef–Rahdaran
three-way

43 Baghin–Bardesir 100 Dihook–Ravar
44 Baft–Sirjan 101 Dihook–Tabas
45 Baft–Kerman 102 Dihook–Ferdous
46 Bafq–Zarand 103 Ardakan–chopanan
47 Zarand–Chatrod 104 Bafq–Behabad
48 Zarand–Davaran–Rafsanjan 105 Bowanat–Totak–Harabarjan
49 Shahdad–Nehbandan 106 Taft–Yazd
50 Kerman–Mahan 107 Dehshir–Taft
51 Baft–Sardonye–Jiroft 108 Shahrbabak–Harat
52 Jiroft–Dehbakri 109 Harat–Marvast
53 Jiroft–Kahnuj 110 Marvast–Mehriz
54 Rodan–Kahnuj 111 Meybod–Yazd
55 Zehklot–Rodbar 112 Yaz–Bafq
56 Arak–Khomein 113 Neiriz–Harat
57 Khomein–Golpayegan 114 Abarkoh–Jarqouye
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Appendix A.8. Cluster 8

Table A8. Cold–light conditions.

Row Road Row Road

1 Ardabil–Nir 52 Mako–Bazargan
2 Nir–Sarab 53 Mohammadyar–Noqadeh
3 Ahr–Clipper 54 Marglner–Poldasht
4 Ahar–Meshgin Shahr 55 Mahabad–Sardasht three-way
5 Bostan Abad–Sarab 56 Miandoab–Bukan
6 Sufiyan–Marand 57 Noqadeh–Piranshahr
7 Ilkhchi–Azarshahr 58 Ardabil–Astara
8 Azarshahr–Ajabshir 59 Ardabil–Khalkhal
9 Ajabshir–Bonab 60 Khalkhal–Sarchem three-way

10 Bonab–Malekan 61 Ardabil–Garmi
11 Malekan–Miandoab 62 Garme–Jajarm
12 Tabriz–Bostanabad 63 Toure–Malayer three-way
13 Bostan Abad–Miane 64 Parsabad–Sarband three-way
14 Jolfa–Marand 65 Sarband–Baran three-way
15 Sarcham–Khalkhal 66 Baran–Qara Aghaj
16 Sufiyan–Shabestar 67 Qara Aghaj–Lahrud three-way
17 Shabestar–Tasuj 68 Lahrud–Meshginshahr three-way
18 Tasuj–Salmas 69 Meshginshahr–Ahar
19 Clipper–Jananllo 70 Ahar–Harris three-way
20 Miane–Sarcham 71 Harris–Khaje three-way
21 Urmie–Oshnavye 72 Khaje–Tabriz
22 Urmie–Tabriz 73 Shazand–Azna
23 Urmie–Sarv 74 Marand–Jolfa
24 Urmie–Salmas 75 Bileh Savar–Jafarabad
25 Salmas–Khoy 76 Jafarabad–Parsabad
26 Khoy–Ivaghli three-way 77 Garmi–Bileh savar
27 Miandoab–Mahabad 78 Abyek–Karaj (old road)
28 Mahabad–Urmie 79 Boyin Zahra–Eshtehard
29 Oshnavye–Piranshahr 80 Eshtehard–Mahdasht
30 Bukan–Saqez 81 Tehran–Karaj (Hemmat)
31 Piranshahr–Tamarchin 82 Karaj–Chalus
32 Saman–Shahrekord 83 Ilam–Chovar
33 Khoy–Razi 84 Chovar–Ivan
34 Sardasht–Bane 85 Ivan–Islamabad
35 Ivaghli–Mako three-way 86 Poldokhtar–Dare Shahr
36 Pardis–Tehran freeway 87 Dare Shahr–Badre
37 Tehran–Saveh (old road) 88 Badre–Ilam
38 Damavand–Firouzkoh 89 Hamil–Sarabeleh
39 Garmsar–Sharifabad 90 Sarabeleh–Ilam
40 Roudhen–Abali 91 Ilam–Malekshahi
41 Abali–Plour 92 Malekshahi–Mehran
42 Doroud–Azna 93 Barekat Terminal–Mehran
43 Azna–Aligodarz 94 Dare shahr–Abdanan
44 Avaj–Razan 95 Mehran–Dehloran
45 Rezan–Rouan three-way 96 Korijan–Noje three-way
46 Ruan–Faminin 97 Nojeh–Ruan three-way
47 Tuiserkan–Jokar 98 Nahavand–Malayer three-way
48 Faminin–Bridge 123 99 Nahavand–Shoshab three-way
49 Saleh Abad–Qorveh 100 Malayer–Jokar
50 Qorveh–Bijar 101 Jokar–Hamadan
51 Kabodarahang–Noje three-way 102
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Appendix B
Matlab Code

clc;
clear;
close all;
% Cost objective function
f1 = [2000 8400 14400 26,000 31,000 7000 12,000 21,600 35,000 42,000 2000 8400
14,400 17,000 20,000 10,000 12,000 21,600 26,000 31,000 2000 2400 3000 12,000
14,400 2000 2400 10,000 12,000 14,400 15,000 24,000 29,000 35,000 42,000 7000
8400 10,000 12,000 14,400];
% Condition objective function
f2=[0 11.75 22.12 27.49 24.26 16 21.71 26.2 29.63 26.81 9 15.16 20.02
22.62 21.32 22.5 21.57 27.58 26.45 25.36 0 4.6 9.97 13.16 16.57 5
8.36 11.6 14.73 16.45 24 29.55 29.11 28.67 28.25 15 15.85 16.66 16.5
16.33];
% A merged objective function
f3=-f2./f1
% constraints
A=[2000 8400 14,400 26,000 31,000 7000 12,000 21,600 35,000 42,000 2000 8400
14,400 17,000 20,000 10,000 12,000 21,600 26,000 31,000 2000 2400 3000
12,000 14,400 2000 2400 10,000 12,000 14,400 15,000 24,000 29,000 35,000 42,000
7000 8400 10,000 12,000 14,400;. . .

1 1 1 1 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 ;. . .
0 0 0 0 0 1 1 1 1 1 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 ;. . .
0 0 0 0 0 0 0 0 0 0 1 1
1 1 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 ;. . .
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 1 1 1 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 ;. . .
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 1 1 1
1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 ;. . .
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 1 1 1 1 1 0 0 0 0 0 0
0 0 0 0 ;. . .
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 1 1 1 1 0
0 0 0 0 ;. . .
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0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1
1 1 1 1 ;. . .
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1];

b=[31,000;1;1;1;1;1;1;1;1;2];
% Integer variables
intcon = 40;
% Variable limitations
lb=[0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0];
ub=[1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1];
% Outputs
[x fval exitflag]=intlinprog(f3,40,A,b,[],[],lb,ub)
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