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Abstract: Affected by climatic factors (e.g., low temperature and intense ultraviolet radiation), high-
altitude regions experience numerous pavement diseases, which compromise driving safety and
negatively impact user travel experience. Timely planning and execution of pavement maintenance
are particularly critical. In this paper, considering the characteristics of pavement maintenance in
high-altitude regions (e.g., volatility of traffic volume, seasonality of maintenance timing, and fragility
of the ecological environment), we aim to derive optimal monthly maintenance plans. We develop a
multi-objective nonlinear optimization model that comprehensively accounts for minimizing mainte-
nance costs, affected traffic volume and carbon emissions, and maximizing pavement maintenance
effectiveness. Utilizing linearization methods, the model is reconstructed into a typical mixed-integer
linear programming (MILP) model, enabling it to be solved directly using conventional solvers. We
consider five types of decision strategies to reflect the preferences of different decision-makers. Given
the uncertainty of maintenance costs, we also utilize the robust optimization method based on the
acceptable objective variation range (AOVR) to construct a robust optimization model and discuss the
characteristics of optimistic, robust, and pessimistic solutions. The results suggest that different deci-
sion strategies show differences in the indicators of maintenance costs, affected traffic volume, carbon
emissions, and pavement performance. When multiple decision objectives are comprehensively con-
sidered, the indicators are between the maximum and minimum values, which can effectively balance
the decision needs of maintenance effectiveness, maintenance timing, and environmental protection.
The number of maintenance workers, the requirement of the minimum pavement condition index
(PCI), and the annual budget influence the maintenance planning. The obtained robust solution can
somewhat overcome the conservative nature of the pessimistic solution. The method proposed in this
paper helps address the complexities of pavement maintenance decisions in high-altitude regions
and provides guidance for pavement maintenance decisions in such areas.

Keywords: pavement maintenance; high-altitude regions; mixed-integer linear programming; model
reconstruction; robust optimization

1. Introduction

Transportation plays a crucial role in people’s work and life, influencing the devel-
opment of society and economy. Roads serve as the foundation for road traffic vehicles,
with pavements being a critical component of road infrastructure. Therefore, it is essential
to ensure that their performance meets usage requirements, guaranteeing the safety of
vehicle operation and the travel experience of users. Due to the limitations of the full
life cycle, pavement performance degrades during use. Road maintenance is the primary
method to improve pavement performance [1–3], and timely and effective maintenance is
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of significant importance in maintaining good pavement conditions. Road maintenance
planning involves numerous issues, including maintenance targets, maintenance timing,
maintenance approaches, costs, impacts of maintenance, and expected maintenance effec-
tiveness. In fact, road maintenance decision-making is not only a focus for researchers but
also of interest to road management authorities.

The climatic characteristics of high-altitude areas, such as low temperatures, frequent
rain and snow, and intense ultraviolet radiation, accelerate pavement aging and induce
various pavement diseases, severely affecting pavement lifespan [4,5]. Additionally, the cli-
mate in high-altitude regions influences pavement maintenance, particularly the planning
of preventive pavement maintenance. For example, some road segments may be challeng-
ing to maintain due to accumulated snow. Therefore, studying pavement maintenance
decisions in the areas and determining scientifically reasonable maintenance plans can not
only help extend the pavement lifespan but also contribute to ensuring road service levels,
thereby providing robust support for social and economic activities in such regions.

1.1. Literature Review

In the previous literature, He et al. [1], Pourgholamali et al. [3], and Xu et al. [6] have
reviewed some work on pavement maintenance decisions. This paper further reviews these
two perspectives, project-level and network-level [7], and Table 1 intuitively summarizes
the characteristics described in some related literature.

Project-level pavement maintenance decision-making primarily focuses on developing
maintenance plans, optimizing budgets, and evaluating maintenance effects for a specific
road segment. Detailed data are used to formulate a specific maintenance plan, empha-
sizing maximizing service levels and lifespan of the segment under limited resources. Yu
et al. [8] discussed the multi-objective optimization of project-level pavement maintenance
plans, constructing an optimization model integrating pavement performance, costs, and
environmental impacts, and designing the corresponding genetic algorithm (GA). Wang
et al. [9] focused on the integrated optimization of timing and strategies for preventive
maintenance of asphalt pavements based on periods, constructing an integrated optimiza-
tion approach for preventive maintenance timing and strategies based on the reconstructed
data envelopment analysis (DEA). Li et al. [10] proposed a preventive maintenance decision
method for asphalt pavements considering multiple damage characteristics by constructing
a BP neural network model that combines dominant damage and overall damage. Zhang
et al. [11] addressed the optimization of pavement maintenance decisions under dual con-
straints of funding and effectiveness, proposing a multi-annual project-level maintenance
planning decision process.

The project-level pavement maintenance decision-making is relatively meticulous, but
this approach cannot carry out a comprehensive decision at the network level, which is
a practical demand. Network-level pavement maintenance decisions can compensate for
this shortcoming, involving multiple road systems within a region. The primary goal of
the network-level maintenance decision is to determine the road segments within the net-
work that need maintenance and allocate appropriate maintenance methods and timings.
Mahmood et al. [12] discussed the optimization of multi-objective pavement maintenance
decision plans, proposing a parameter-free discrete particle swarm algorithm. He et al. [1]
constructed an optimization model considering the needs of the government, highway
agencies, contractors, and common users for pavement maintenance and rehabilitation
management systems. Sun et al. [13] discussed the multi-objective optimization problem of
network-level pavement maintenance and rehabilitation programming, constructing an
integer programming model to optimize road conditions, user disruption costs, and agency
costs, and proposing a Pareto-based optimal trade-off method. Chen et al. [14] combined
the generalized differential evolution 3 (GDE3) algorithm, life cycle assessment (LCA), and
life cycle cost analysis (LCCA) to construct a multi-objective decision model for highway
network maintenance. Lee et al. [15] discussed the optimal pavement management strategy
to reduce greenhouse gas emissions under budget constraints, constructed an optimization
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model considering budget constraints and minimizing greenhouse gas emissions, and
designed a solution algorithm based on Lagrangian relaxation and dynamic programming.
Elhadidy et al. [16] constructed a performance prediction model based on the Markov
chain model, focusing on maximizing the overall condition of the road network while
minimizing maintenance and renovation costs. Fani et al. [17] discussed the optimization
of pavement maintenance and rehabilitation planning under budget and pavement deterio-
ration uncertainties and constructed a multi-stage stochastic mixed-integer programming
model. Lee et al. [18] constructed a multi-dimensional pavement segment status and a
heterogeneous management activities model considering greenhouse gas emissions, aiming
to minimize life cycle costs for pavement maintenance. Li et al. [19] proposed a multi-stage
dynamic programming optimal decision model based on network traffic flow equilibrium
to minimize maintenance and user costs. Meng et al. [20] discussed a multi-objective opti-
mization model for multi-annual network-level pavement maintenance planning based on
user travel time costs and vehicle operating costs and designed the non-dominated sorting
genetic algorithm (i.e., NSGA-III) with a wide reference point. Fan et al. [21] proposed
an optimization method for managing pavement maintenance and rehabilitation projects
under budget uncertainty.

1.2. The Focus of This Study

Pavement maintenance in high-altitude regions has some unique characteristics that
make the maintenance work more complex and challenging compared with other regions.
First, taking the Tibet Autonomous Region of China (Tibet, for short) as an example, the
traffic flow in Tibet has obvious seasonal characteristics. During the peak tourist seasons,
such as summer and autumn, the number of tourists is high, resulting in heavy traffic flow.
In winter and early spring, due to cold and extreme weather conditions, the number of
tourists is low, leading to reduced traffic flow [22]. This seasonal variation in traffic flow
needs to be fully considered in maintenance planning to ensure that roads can withstand
high traffic pressure during peak tourist seasons while minimizing disruption to traffic
services. Second, the climatic conditions in high-altitude regions determine the seasonality
of road maintenance work. Due to the low temperatures in winter, some road segments
experience ice and snow, leading to harsh conditions that are unsuitable for large-scale
maintenance activities. Therefore, it is more appropriate to carry out pavement main-
tenance work in warmer seasons, particularly summer and autumn [23]. This requires
reasonable planning of maintenance work to minimize the impact of adverse weather on
pavement maintenance and ensure maintenance quality and pavement technical condi-
tion. Furthermore, the ecological environment in Tibet is fragile, requiring environmental
considerations in maintenance planning to minimize the impact on the ecosystem [24].
Additionally, due to the location of Tibet, the prices of maintenance materials are uncertain,
and maintenance costs are generally high [25].

Some previous studies have considered reducing costs and carbon emissions during
pavement maintenance, while others have considered budget uncertainties. However,
previous methods did not fully address the maintenance decision needs of high-altitude
regions and cannot be directly applied to such areas. To the best of our knowledge, previous
studies have focused on annual maintenance plans without considering monthly mainte-
nance plans. Additionally, most studies did not consider the duration of the maintenance
process or manpower constraints. Moreover, no research has focused on the impact of
unit area maintenance cost variations on maintenance plans, especially the corresponding
robust maintenance plans. Inspired by the above background, this paper uses constraints
such as manpower, maintenance months, budget, maintenance frequency, and maintenance
approaches to analyze optimization objectives from multiple perspectives and propose
methods for obtaining maintenance plans and robust maintenance plans. Specifically, the
contributions of this paper are as follows:
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Table 1. Summary of the literature studies on pavement maintenance.

Literature Object Characteristic Optimization Objective Model Type Solution Approach

Yu et al. [8]
Project-level; considering greenhouse gas
emissions and budget constraints; meeting
pavement condition requirements

Greenhouse gas emissions,
maintenance costs,
pavement condition

Multi-objective
nonlinear optimization Genetic algorithm

Zhang et al. [11] Project-level; constrained budget; meeting
pavement condition requirements Pavement condition Flowchart Heuristic algorithm

Mahmood et al. [12] Project-level; meeting pavement
condition requirements

Maintenance costs,
pavement condition

Multi-objective
nonlinear optimization

Improved particle
swarm algorithm

He and Sun [1] Network-level; different decision-makers Benefits for different
decision-makers Mixed-integer programming Lingo

Sun et al. [13] Network-level; different decision-makers;
Pareto optimal solution

Maintenance costs, pavement
condition, and
environmental impact

Mixed-integer linear programming Cplex

Chen and Wang [14] Network-level; multiple pavement
condition indicators

Maintenance costs, carbon
emissions, and energy consumption Multi-objective optimization Generalized differential

evolution algorithm

Lee and Madanat [15] Network-level; single or multiple
budget constraints Greenhouse gas emission Single-objective optimization Lagrangian relaxation

Elhadidy et al. [16] Network-level; Pareto optimal solution Maintenance costs,
pavement condition

Markov-chain,
multi-objective optimization

Genetic algorithm-
based procedure

Fani et al. [17]
Network-level; considering the uncertainty
of pavement deterioration and budget
deterioration and budget

Pavement condition Multi-stage stochastic mixed-
integer programming GAMS

Lee et al. [18] Network-level; constrained greenhouse
gas emissions Maintenance costs Single-objective nonlinear Two-stage algorithm

Li et al. [19] Network-level; considering dynamic
traffic distribution

Maintenance costs, user costs,
pavement residual asset value Multi-stage dynamic programming Heuristic iterative algorithm

FAN and Feng [21] Network-level; budget uncertainty Maintenance effectiveness Stochastic linear programming Scenario tree-based
heuristic algorithm

This paper
Network-level; high-altitude region
pavement maintenance; monthly
maintenance plans; robust solution

Maintenance costs, affected traffic
volume, carbon emissions, comfort
level, maintenance effectiveness

Mixed-integer linear programming Gurobi
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(1) For the pavement maintenance decision problem in high-altitude regions, this pa-
per proposes an optimization method for pavement maintenance plans. The initial
optimization model constructed considers the typical characteristics of pavement
maintenance in high-altitude regions (see Section 2) intending to obtain monthly
maintenance plans. By combining the proposed linearization method, the initial
nonlinear model is reconstructed into a mixed-integer linear programming (MILP)
problem. The composition of the model under five types of decision strategies is
discussed (see Section 4.2), responding to the decision- makers’ preferences.

(2) To address the uncertainty of unit maintenance costs, this paper proposes a robust
maintenance plan calculation method using a robust optimization method based on
the acceptable objective variation range (AOVR). By setting the unit maintenance
cost as an interval number, the corresponding optimistic sub-model and pessimistic
sub-model are analyzed, and the construction process of the robust optimization
model and the process of obtaining robust maintenance plans are discussed.

(3) Combining a specific network-level pavement maintenance decision problem, a case
study analysis is conducted. A maintenance decision problem involving 30 road
segments is used to discuss the characteristics of different decision strategies; analyze
the impact of the number of maintenance workers, annual budget, and minimum
pavement condition index (PCI) requirements on decision plans; and discuss the
differences among the robust, pessimistic, and optimistic solutions.

The remainder is given as follows. Section 2 describes the problem addressed in
this paper, including the characteristics of pavement maintenance in high-altitude regions.
Section 3 details the construction process of the initial pavement maintenance decision
model, a nonlinear optimization model, including the definition of symbols, constraints,
and the description of the objective function. Section 4 covers the process of reconstructing
the initial model into a MILP problem, including five lemmas for converting nonlinear
terms to linear terms, methods for converting the multi-objective optimization problem to
a single-objective optimization problem, and settings for five types of decision strategies.
Section 5 presents a case study for a specific network-level maintenance problem and
discusses the different decision strategies and the sensitivity of model parameters. Section 6
focuses on the uncertainty of unit maintenance costs, discussing methods for obtaining
robust maintenance plans. Section 7 concludes this paper.

2. Problem Formulation

For roads, high-altitude regions experience harsher climates compared with lower-
altitude regions, including factors such as temperature, rain, snow, and ultraviolet radiation.
Pavement diseases impact driving safety and user experience, necessitating targeted main-
tenance. Maintenance decision-making based on inspection data is one method where
the pavement condition index (PCI) is a widely used indicator [2,3,10,12,16]. As shown in
Table 2, a Chinese standard named “Technical Code of Maintenance for Urban Road (CJJ
36-2016)” [26] classifies pavement distress levels based on the PCI range.

Table 2. PCI value range-based classification of pavement distress.

Road Type Excellent Good Qualified Unqualified

Expressway [90, 100] [75, 90) [65, 75) [0, 65)
Main/secondary roads [85, 100] [70, 85) [60, 70) [0, 60)

Branch roads [80, 100] [65, 80) [60, 65) [0, 60)

Implementing appropriate pavement maintenance can effectively overcome pavement
distress, thereby enhancing the pavement condition [8]. As shown in Figure 1, at time t0,
the PCI value of a certain road segment is at an ideal level. If no maintenance is carried out,
this index will drop to the minimum requirement at time t01. If maintenance is performed
at time t1 (t1 is greater than t0 and less than t01), the maintenance can improve the PCI
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value at time t1 with a certain level of effectiveness and extend the acceptable PCI value
from t01 to t11.
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When implementing pavement maintenance, it is necessary to consider the corre-
sponding constraints, especially when there are many segments to be maintained. Com-
mon constraints include maintenance approaches, budget, and pavement condition in-
dicators [3,8,13]. For high-altitude areas, there are typical characteristics, which include
the following:

(1) Seasonality characteristics of maintenance work: The duration of cold seasons with
low temperatures is long, and some pavements may even be covered with snow for
extended periods. To ensure maintenance quality, pavement maintenance should
preferably not be conducted in such seasons or months.

(2) Seasonality characteristics of traffic flow: Traffic flow on roads in high-altitude areas is
fluctuant. For example, in Lhasa city, Tibet, tourism traffic significantly contributes to
overall traffic, with many tourists visiting the city during warmer seasons, especially
for self-driving tours. Considering the impact of pavement maintenance on traffic,
maintenance should be minimized during high-traffic flow periods.

(3) Fragility characteristics of the ecological environment: High-altitude regions have
less vegetation and a more fragile ecological environment compared with lower-
altitude areas. Substantial evidence shows that the carbon emission factor is more
significant in high-altitude areas compared with other regions [26–29]. Therefore, the
environmental impact of maintenance work needs to be considered.

(4) High-cost characteristics of maintenance work: Due to climate, environment, indus-
trial development, and resource conditions, high-altitude areas are more reliant on
maintenance equipment and materials produced in other regions, leading to higher
maintenance costs. Manpower costs exhibit similar characteristics.

The problem of interest in this paper is how to formulate a feasible maintenance
plan while considering factors or constraints such as cost, budget, seasonal impact, fluc-
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tuation of traffic flow, environmental impact, maintenance approaches, and pavement
condition requirements. Specifically, we consider multiple road segments rather than a
single segment, focusing on monthly maintenance plans rather than only annual ones, and
use optimization theory to study the pavement maintenance decision problem in high-
altitude areas, that is, the network-level optimization of pavement maintenance decisions in
high-altitude regions.

Furthermore, to better define the problem background and facilitate model construc-
tion, the following basic assumptions are proposed:

Assumption 1: The total traffic demand within a road network is not affected by maintenance work.
Multiple roads exist within a road network, and users can choose other roads when maintenance
is conducted on a particular road. Although traffic flow on the segment is affected, the traffic
demand within the road network does not change, and the potential traffic demand on the segment is
relatively fixed.

Assumption 2: The maintenance work on a single segment can be completed within one month. To
ensure the controllability of the maintenance period, this assumption is proposed. In practice, the
segments to be maintained after segmentation are usually short (e.g., less than 1 km), resulting in
shorter working periods.

Assumption 3: During the study period, a single segment can only choose one maintenance
approach. For ease of decision-making, segments are usually divided based on distress characteristics.
Therefore, a single segment can only adopt one maintenance approach, especially when the decision
period is short.

Assumption 4: During the study period, each segment undergoes, at most, one type of maintenance
work. This assumption is similar to the previous one, considering the characteristics of segment
division, and is suitable for problems with shorter decision periods.

3. Mathematical Model

In this chapter, we first define a series of symbols and then discuss the constraints
and objective functions, forming a nonlinear optimization model with multiple objective
functions. It should be noted that the model constructed in this chapter is not a robust
optimization model.

3.1. Definition of Symbols

In the study, for the optimization of pavement maintenance decisions in high-altitude
regions, the following sets, parameters, and variables are defined, and the details can be
found in Appendix A Table A1.

3.2. Constraints

For pavement maintenance decisions, the optimization is carried out under certain
constraints and decision objectives. Based on previous research and the context of pavement
maintenance in high-altitude regions, the constraints considered in this paper are as follows.

(1) Calculation of the pavement condition index (PCI): The value of PCI is dynamic and
influenced by factors such as time, pavement loads, and maintenance work. It ranges
from 0 to 100, with higher values indicating better pavement conditions [13]. Let
u∗ represent the year in which maintenance may be performed, and its calculation
formula can be expressed as a piecewise function, that is:

si,u =

 Si,0 × eαi,1×u+βi,1 + ∑
m∈M

∑
u∗∈{u∗|u∗≤u}

∑
j∈J

xi,j × Ej × yi,u∗,m × eαi,1×(u−u∗)+βi,1 , si,u ≤ Smax

Smax, si,u > Smax

,∀i ∈ I, u ∈ U (1)
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(2) Requirement for PCI value: For pavement technical conditions, different decision-
makers have similar requirements, especially desiring that the PCI values of each
segment meet the requirement of the minimum value, which can be expressed as:

si,u ≥ Smin, ∀i ∈ I, u ∈ U (2)

Furthermore, certain standards impose requirements on pavement conditions at the net-
work level. For instance, the “Technical Standard of Highway Maintenance (JTG 5110-2023)”
issued by the Ministry of Transport of China stipulates that the segments meeting certain
pavement quality index (PQI) requirements should account for a corresponding proportion
in a road network [30]. Based on this, this paper further imposes requirements on PCI at
the network level to ensure the overall performance of a network, thereby guaranteeing
overall service levels and user experience. Specifically, it is required that the average PCI
value of all segments in the network should not be lower than a certain threshold, which
can be expressed by:

∑
i∈I

si,u × Li ≥ Save × ∑
i∈I

Li, ∀u ∈ U (3)

(3) Calculation of the international roughness index (IRI): IRI is an index used to stan-
dardize the evaluation of pavement smoothness, reflecting the level of vibration and
bumpiness when traveling on a road [31,32]. Clearly, the better the smoothness, the
smaller the IRI, resulting in a better driving experience and a positive impact on traffic
safety. Previous studies have shown that IRI is closely related to PCI, indicating that
pavement condition affects smoothness. Based on Ref. [31], the relationship between
the two can be expressed as:

ri,u = αi,2 × eβi,2×si,u (4)

(4) Requirement for working time: In high-altitude regions, maintenance conditions
are generally unfavorable during cold seasons, which tend to last relatively long.
Therefore, this paper considers the impact of seasons on maintenance work. Based
on this, some months are set as non-maintenance periods, and the corresponding
constraint can be expressed as:

yi,u,m ≥ 0, ∀i ∈ I, u ∈ U, m ∈ Ms (5)

yi,u,m = 0, ∀i ∈ I, u ∈ U, m ∈ Mu (6)

(5) Restricted monthly maintenance task: When the number of maintenance workers is
limited, the maintenance task that can be completed within a unit of time is also re-
stricted. When scheduling maintenance projects, it is necessary to consider manpower
and time requirements. Combining the ceiling function ⌈ ⌉, the man-hours for any
segment, and the total number of maintenance workers, the monthly maintenance
task can be expressed as:

∑
j∈J

∑
i∈I

(⌈Gj × xi,j × Li × Bi

Q × O

⌉
× yi,u,m

)
≤ Tu,m, ∀u ∈ U, m ∈ M (7)

Based on the above constraints, we also restrict any single maintenance task to be completed
within one month. This not only improves the certainty of the maintenance work (e.g.,
preventing the period from extending into unsuitable months) but also adheres to the
second assumption of this paper.

(6) Limited budget for maintenance: For any given year, decision-makers typically do not
want maintenance costs to exceed the annual budget, ensuring that the maintenance
plan for each year is carried out within a reasonable funding range. The costs can
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be calculated based on the maintenance approaches and the maintenance area. The
constraint can be expressed as:

∑
m∈M

∑
j∈J

∑
i∈I

Cj × Li × Bi × xi,j × yi,u,m ≤ Cu,max, ∀u ∈ U (8)

Additionally, we can further require that the total expenditure does not exceed the overall
budget to ensure that the budget funds are reasonably allocated under limited conditions,
and this constraint can be expressed as:

∑
m∈M

∑
u∈U

∑
j∈J

∑
i∈I

Cj × Li × Bi × xi,j × yi,u,m ≤ Cmax (9)

(7) Restricted maintenance approaches: The maintenance approach refers to the specific
techniques and processes used during pavement maintenance. Based on Assumption
3, each segment can only select one or fewer maintenance approaches within the study
period to avoid repeated maintenance and resource wastage. This constraint can be
expressed as:

∑
j∈J

xi,j ≤ 1, ∀i ∈ I (10)

(8) Restricted maintenance frequency: Based on Assumption 4, each segment can undergo
maintenance no more than once within the study period to ensure the quality of
single-time maintenance and to mitigate the impact on traffic. This constraint can be
expressed as:

∑
m∈M

∑
u∈U

yi,u,m ≤ 1, ∀i ∈ I (11)

(9) Coupling of maintenance approach and maintenance frequency: If a segment is
not undergoing maintenance, then no maintenance approach is selected for it. This
constraint can be expressed as:

∑
j∈J

xi,j ≤ ∑
m∈M

∑
u∈U

yi,u,m, ∀i ∈ I (12)

(10) Attribute of decision variable: For the attributes of the decision variables in this paper,
we further set the following constraints:

xi,j ∈ {0, 1}, ∀i ∈ I, j ∈ J (13)

yi,u,m ∈ {0, 1}, ∀i ∈ I, u ∈ U, m ∈ M (14)

3.3. Objective Function

Based on previous research, it can be found that most studies adopt multi-objective
optimization methods [3,13], which means there are multiple objective functions. Therefore,
we first construct different objective functions from various perspectives.

(1) Maximize maintenance effectiveness: The primary goal of pavement maintenance
is to provide better driving conditions for as many users as possible. This means
that the decision should consider not only the immediate effects of maintenance (i.e.,
how is the pavement after maintenance?) but also the overall effectiveness (i.e., how
many users can use roads in better condition?). Therefore, this paper uses the product
of traffic flow and pavement condition as a decision objective to make maintenance
decisions more scientific. Multiplying pavement condition by traffic flow considers
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that segments with higher traffic flow contribute more to overall effectiveness and,
thus, are worth focusing on. This can be expressed as:

max f1 = ∑
m∈M

∑
u∈U

∑
i∈I

si,u × Vi,u,m × Tu,m (15)

(2) Minimize carbon emissions: For pavement maintenance, while improving pavement
conditions, there may be environmental impacts, including greenhouse gases, noise,
dust, etc. Compared with low-altitude regions, the ecological environment in high-
altitude regions is more fragile. Therefore, when formulating pavement maintenance
plans for high-altitude regions, these adverse impacts should be given greater con-
sideration. Hence, this paper sets minimizing carbon emissions as an optimization
objective, which can be expressed as:

min f2 = ∑
j∈J

∑
i∈I

Pj × Li × Bi × xi,j (16)

(3) Minimize the affected traffic volume: During pavement maintenance, construction
activities inevitably have adverse effects on traffic, especially when traffic flow is
high. To reduce the interference of pavement maintenance on traffic, it is necessary to
consider traffic management during construction and to schedule maintenance time
reasonably. Based on this, this paper constructs an objective function to minimize the
impact on traffic, combining the predicted monthly traffic volume, the working hours
required for different maintenance methods, and the protection time required after
maintenance, specifically expressed as:

min f3 = ∑
m∈M

∑
u∈U

∑
j∈J

∑
i∈I

[(⌈Gj × xi,j × Li × Bi

Q × O

⌉
+ Dj × xi,j

)
× Vi,u,m × yi,u,m

]
(17)

(4) Minimizing the roughness index: The international roughness index (IRI) reflects the
level of vibration and bumpiness experienced by vehicles traveling on the road [30,32],
indicating that roughness affects the comfort of the driving experience. Additionally,
roughness has a significant impact on energy consumption, with higher IRI values
corresponding to higher energy consumption [32]. Therefore, to meet comfort needs
and environmental protection requirements, minimizing IRI value as much as possible
can be set as an optimization objective:

min f4 = ∑
u∈U

∑
i∈I

ri,u (18)

(5) Minimize maintenance costs: Minimizing maintenance costs as an optimization objec-
tive is a common approach in pavement maintenance decision [3]. The calculation of
maintenance costs is related to the maintenance approach and maintenance area, and
the corresponding objective function can be expressed as:

min f5 = ∑
j∈J

∑
i∈I

Cj × Li × Bi × xi,j (19)

4. Model Transformation

It can be observed that the optimization model (the initial model, for short), composed
of objective functions (15) to (19) and constraints (1) to (14), is a multi-objective nonlinear
programming problem with both continuous variables (si,u and ri,u) and integer variables
(xi,j and yi,u,m), where it is difficult to obtain an exact solution via common methods. If we
replace its nonlinear terms with linear terms, then it is transformed into a mixed-integer
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linear programming (MILP) problem. MILP problems are popular because of their mature
solving techniques. Therefore, this paper further reconstructs it into a MILP problem by
transforming the nonlinear terms.

4.1. Transformation of Nonlinear Terms

The presence of nonlinear terms increases the complexity of solving the model, and
linearizing them aids in solving the model. Many scholars also often adopt exact algorithms
or solvers to solve linear programming problems. For the initial model, five lemmas
are proposed.

Lemma 1. For Constraint (1), which is in the form of a piecewise function, it can be equivalently
transformed by introducing an auxiliary variable vi,u and a sufficiently large positive number M as
follows:

si,u ≤ Si,0 × eαi,1×u+βi,1 + ∑
m∈M

∑
u∗∈{u∗|u∗≤u}

∑
j∈J

xi,j × Ej × yi,u∗,m × eαi,1×(u−u∗)+βi,1 ,∀i ∈ I, u ∈ U

si,u ≤ Smax,∀i ∈ I, u ∈ U
si,u ≥ Smax −M× (1− vi,u),∀i ∈ I, u ∈ U
si,u ≥ Si,0 × eαi,1×u+βi,1 + ∑

m∈M
∑

u∗∈{u∗|u∗≤u}
∑
j∈J

xi,j × Ej × yi,u∗,m × eαi,1×(u−u∗)+βi,1 −M× vi,u,∀i ∈ I, u ∈ U

vi,u ∈ {0, 1}

(20)

Lemma 2. For Constraint (4), which includes logarithmic terms, both sides can be transformed
into a linear form by taking their logarithms (i.e., ln(ri,u) = ln(αi,2) + βi,2 × si,u). Further,
let r′i,u = ln(ri,u), then we have:

r′i,u = ln(αi,2) + βi,2 × si,u (21)

Lemma 3. For Objective function (18), combining Lemma 2 and the characteristics of the objective
function, it can be transformed into the form of Equation (22).

min f ′4 = ∑
u∈U

∑
i∈I

r′i,u (22)

Lemma 4. For the quadratic terms involving multiple decision variables (i.e.,xi,j × yi,u,m), based on
the properties of the decision variables, both types of variables are 0–1 variables. Therefore, as shown
in Table 3, if we let zi,j,u,m = xi,j × yi,u,m, then the value of zi,j,u,m can be determined accordingly.

Table 3. Analysis of the value of zi,j,u,m.

Case xi,j yi,u,m zi,j,u,m

1 0 0 0
2 0 1 0
3 1 0 0
4 1 1 1

Based on the contents in Table 3, the linear expression, zi,j,u,m = xi,j × yi,u,m, can be
obtained as follows:

zi,j,u,m ≤ xi,j, ∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
zi,j,u,m ≤ yi,u,m, ∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
zi,j,u,m ≥ xi,j + yi,u,m − 1, ∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
xi,j, yi,u,m, zi,j,u,m ∈ {0, 1}, ∀i ∈ I, j ∈ J, u ∈ U, m ∈ M

(23)
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Lemma 5. For the model Objective function (17) and the integer signs involved in Constraint (7),
the auxiliary variable hi,j is introduced to replace

⌈Gj×xi,j×Li×Bi
Q×O

⌉
within higher precision. In this

case, the additional constraints are: hi,j ≥
Gj×xi,j×Li×Bi

Q×O , ∀i ∈ I, j ∈ J

hi,j ≤
Gj×xi,j×Li×Bi

Q×O + 0.999, 999, ∀i ∈ I, j ∈ J
(24)

Due to the introduction of hi,j, this paper introduces another situation of the product
of decision variables. Based on the properties of the decision variables, hi,j is an integer
variable in the range [0, hmax] (hmax is its maximum value), and yi,u,m is a 0–1 variable.
Therefore, as shown in Table 4, if we let ni,j,u,m = hi,j × yi,u,m, the value of the variable
ni,j,u,m can be determined.

Table 4. Analysis of the value of ni,j,u,m.

Case hi,j yi,u,m ni,j,u,m

1 [0, hmax] 0 0
2 [0, hmax] 1 hi,j

By organizing the value of ni,j,u,m, the corresponding constraint can be obtained
as follows: 

ni,j,u,m ≤ hi,j, ∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
ni,j,u,m ≥ hi,j − hmax × (1 − yi,u,m), ∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
ni,j,u,m ≤ hmax × yi,u,m, ∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
ni,j,u,m ≥ 0, ∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
yi,u,m ∈ {0, 1}, ∀i ∈ I, u ∈ U, m ∈ M

(25)

By incorporating the above transformation methods for nonlinear terms into the initial
model, we obtain a multi-objective optimization model with linear characteristics, which
belongs to a MILP problem (Equation (26)).



Appl. Sci. 2024, 14, 7670 13 of 27

max f1 = ∑
m∈M

∑
u∈U

∑
i∈I

si,u ×Vi,u,m × Tu,m

min f2 = ∑
j∈J

∑
i∈I

Pj × Li × Bi × xi,j

min f ′3 = ∑
m∈M

∑
u∈U

∑
j∈J

∑
i∈I

(ni,j,u,m ×Vi,u,m + Dj × zi,j,u,m ×Vi,u,m)

min f ′4 = ∑
u∈U

∑
i∈I

r′i,u

min f5 = ∑
j∈J

∑
i∈I

Cj × Li × Bi × xi,j

s.t. 

si,u ≤ Si,0 × eαi,1×u+βi,1 + ∑
m∈M

∑
u∗∈{u∗|u∗≤u}

∑
j∈J

zi,j,u∗,m × Ej × eαi,1×(u−u∗)+βi,1 ,∀i ∈ I, u ∈ U

si,u ≥ Si,0 × eαi,1×u+βi,1 + ∑
m∈M

∑
u∗∈{u∗|u∗≤u}

∑
j∈J

zi,j,u∗,m × Ej × eαi,1×(u−u∗)+βi,1 − M × vi,u,∀i ∈ I, u ∈ U

si,u ≥ Smax − M × (1− vi,u),∀i ∈ I, u ∈ U
si,u ≤ Smax,∀i ∈ I, u ∈ U
r′i,u = ln(αi,2) + βi,2 × si,u,∀i ∈ I, u ∈ U
∑
j∈J

∑
i∈I

ni,j,u,m ≤ Tu,m,∀u ∈ U, m ∈ M

∑
m∈M

∑
u∈U

∑
j∈J

∑
i∈I

Cj × Li × Bi × zi,j,u,m ≤ Cmax

∑
m∈M

∑
j∈J

∑
i∈I

Cj × Li × Bi × zi,j,u,m ≤ Cu,max,∀u ∈ U

hi,j ≥
Gj × xi,j × Li × Bi

Q ×O
,∀i ∈ I, j ∈ J

hi,j ≤
Gj × xi,j × Li × Bi

Q ×O
+ 0.99999,∀i ∈ I, j ∈ J

yi,u,m ≥ 0,∀i ∈ I, u ∈ U, m ∈ Ms
yi,u,m = 0,∀i ∈ I, u ∈ U, m ∈ Mu
zi,j,u,m ≥ xi,j + yi,u,m − 1,∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
zi,j,u,m ≤ xi,j,∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
zi,j,u,m ≤ yi,u,m,∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
ni,j,u,m ≤ hi,j,∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
ni,j,u,m ≥ hi,j − hmax × (1− yi,u,m),∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
ni,j,u,m ≤ hmax × yi,u,m,∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
ni,j,u,m ≥ 0,∀i ∈ I, j ∈ J, u ∈ U, m ∈ M
Constraints(2), (3), (5), (6), (10)− (12)
xi,j ∈ {0, 1},∀i ∈ I, j ∈ J
vi,u ∈ {0, 1},∀i ∈ I, u ∈ U
yi,u,m ∈ {0, 1},∀i ∈ I, u ∈ U, m ∈ M
zi,j,u,m ∈ {0, 1},∀i ∈ I, j ∈ J, u ∈ U, m ∈ M

(26)

4.2. Transformation of Multi-Objective Functions

Multi-objective optimization problems (MOPs) involve trade-offs between multi-
ple decision objectives. A common approach is to transform an MOP problem into a
single-objective optimization problem, thereby using more conventional single-objective
optimization solution methods.

Specifically, we first refer to Ref. [13] to unify the magnitudes of each sub-objective,
eliminating the impact of magnitude differences on results. Furthermore, we use the
weighted sum method to integrate different decision objectives into one objective function,
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achieving the transformation from an MOP to a single-objective optimization problem, as
shown in Equation (27).

minF = w1 ×
− f1

f1,max
+ w2 ×

f2

f2,min
+ w3 ×

f3
′

f3
′
,min

+ w4 ×
f ′4

f4
′
,min

+ w5 ×
f5

f5,min
(27)

In summary, by combining Equations (26) and (27), the transformed mathematical
model belongs to the typical MILP problem with one objective function. This type of
problem has a wealth of solution methods, including common solvers (e.g., Cplex, Lingo,
or Gurobi), making it more applicable compared with the initial model.

Additionally, considering the preferences of different decision-makers, we further
focused on the tendencies of different objective functions and proposed five types of
decision strategies, as shown in Table 5. Obviously, the maintenance plans derived from
different decision strategies are not the same, and the differences among them are discussed
in Section 5.

Table 5. Weight ranges for sub-objectives corresponding to different decision strategies.

Strategy Objective
Weight Ranges

w1 w2 w3 w4 w5

1 Optimize maintenance effectiveness >0 =0 =0 >0 =0
2 Optimize cost savings =0 =0 =0 =0 >0
3 Optimize affected traffic volume =0 =0 >0 =0 =0
4 Optimize environmental protection =0 >0 =0 =0 =0
5 Balance all the above considerations >0 >0 >0 >0 >0

5. Case Analysis
5.1. Case Description

To analyze the effectiveness of the pavement maintenance decision model, this paper
conducted a simulation analysis using pavement maintenance data from high-altitude
regions obtained through surveys. Specifically, codes were written in Python language,
and the Gurobi solver was utilized to solve the optimization models, with the termination
condition set to a 0.1% gap between the upper and lower bounds. The hardware used was
a laptop equipped with a Win 10 system, an Intel(R) Core (TM) i7-10750H CPU (Interl,
Santa Clara, CA, USA), and 32 GB of memory.

In the simulation analysis, we focused on 30 road segments, starting from their state
at the end of 2023 and aiming at developing a maintenance plan for the next three years.
Each year includes 12 months, with April to October being suitable for maintenance and
November to March being unsuitable. Each road segment has the corresponding predicted
traffic flow data and an initial PCI value, with initial PCI values ranging from 63 to 86. The
annual average daily traffic (AADT) and monthly traffic volume for each road segment
were recorded. Specifically, the basic information of the 30 road segments is shown in
Table 6, and the predicted monthly traffic volume of each segment in 2024 is shown in
Figure 2.

Regarding the maintenance approaches, we classified them into five categories and
statistically analyzed their related attributes based on survey data, as shown in Table 7.
The five maintenance approaches are filling cracks, patching potholes, chip seal coating or
using a slurry seal, resurfacing with partial reconstruction, and complete reconstruction [1].
These approaches cover different levels from minor repairs to major maintenance. When
adopting different maintenance approaches, the required working hours, protection days,
and costs per unit area vary, and these model parameters are set based on the survey
data. For carbon emissions, considering the impact of altitude, the settings are based on
Refs. [29,30].
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Table 6. Statistics of basic information of road segments.

Segment Length/m Width/m AADT Initial
PCI Segment Length/m Width/m AADT Initial

PCI

01 180 4.5 6000 78 16 810 3.5 3560 81
02 190 3.5 5200 80 17 220 3 12,400 82
03 400 4 7200 79 18 320 3.5 9200 75
04 260 3.5 5200 78 19 100 3 12,000 76
05 300 4 8800 81 20 80 4 9600 82
06 320 3 7200 78 21 920 3.5 7600 75
07 280 3 7200 81 22 610 3 6800 77
08 90 3.5 6400 76 23 230 3.5 6000 81
09 70 3 5600 81 24 340 4 5600 76
10 288 3 8400 78 25 550 4.5 8400 80
11 165 4.5 10,000 75 26 290 3 3840 78
12 180 3.5 6800 80 27 280 3.5 9200 80
13 580 3 8000 82 28 650 3.5 6800 77
14 620 3 7200 76 29 280 3 5200 79
15 750 4 6400 79 30 660 3 4400 81
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Table 7. Characteristics of different maintenance methods.

Approach
Working

Hours
(hours/m²)

Carbon
Emissions

(kg/m²)

Protection
Days

Cost
(CNY/m²) Effectiveness

1 0.2 8 1 10 3
2 0.5 15 2 25 5
3 0.75 32 2 100 20
4 1 50 3 200 30
5 1.5 80 3 400 45

For other parameters, the annual budget was set to CNY 600,000, with a total budget
of CNY 1,500,000. The number of available workers was 20, and the daily working hours
were 8 h. Meanwhile, the average PCI value requirement for the segments was set to 76,
with a minimum value of 72 and a maximum value of 100. The parameters αi,1 and βi,1
for Constraint (1) were set to −0.05 and −0.02, respectively. The parameters αi,2 and βi,2
for Constraint (4) were set to 16.074 and −0.026, respectively. Additionally, the sufficiently
large positive number M was set to 200.

Regarding the objective functions, the five sub-objectives mentioned above were
individually set as the model’s decision objectives. The solutions for the five models were
obtained with the above parameters. The maximum value for Objective function (14) is
19,418,050,875.175, the minimum value for Objective function (15) is 650,053, the minimum
value for Objective function (16) is 856,268, the minimum value for Objective function
(17) is 59.186, and the minimum value for Objective function (18) is 1,383,646. Based on
this, the differences in magnitude among them can be eliminated using Equation (26). For
the five decision strategies, we set the corresponding weights according to Table 8. In
the simulation analysis, these five decision strategies were all discussed. Furthermore, to
analyze the model’s effectiveness, a baseline strategy was considered. This baseline strategy,
commonly adopted in previous studies, aims for optimal effectiveness and minimal cost. It
should be noted that, unlike other models, the baseline strategy’s maintenance decision
model assumes that maintenance can occur in any month of the year, which was the default
assumption in previous research.

Table 8. Sub-objective weights for different decision strategies.

Strategy Objective
Weights

w1 w2 w3 w4 w5

1 Optimize maintenance effectiveness 0.5 0 0 0.5 0
2 Optimize cost savings 0 0 0 0 1
3 Optimize affected traffic volume 0 0 1 0 0
4 Optimize environmental protection 0 1 0 0 0
5 Balance all the above considerations 0.2 0.2 0.2 0.2 0.2

Baseline Optimize effectiveness and minimize cost 0.5 0 0 0 0.5

5.2. Result Analysis

Simulation calculations show that the models with different decision strategies can
all be solved within seconds. Specifically, the solution time for the model with Strategy
1 is 5.19 s, Strategy 2 is 9.89 s, Strategy 3 is 7.36 s, Strategy 4 is 8.34 s, and Strategy 5 is
6.72 s. Moreover, the obtained decision plans satisfy the set constraints, indicating that the
constructed models are effective and highly applicable.

Regarding the model solution results, the indexes including affected traffic volume,
total maintenance costs, total carbon emissions, average PCI value, and average IRI value
are discussed based on the five strategies. First, Figure 3a shows the affected traffic volume
under different strategies. It can be seen that the affected traffic volume for Strategy 1 is the
highest, followed by Strategies 2 and 3, while Strategies 3 and 5 have the lowest values.
This is because Strategy 1 focuses more on maintenance effectiveness, tending to choose
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plans that significantly improve the PCI value, which also requires more working hours.
Additionally, ignoring the distribution of traffic flow may also be a factor contributing to
a higher affected traffic volume under this strategy. For Strategies 2 and 3, despite their
tendency toward lower cost or lower carbon emission plans, as shown in Table 7, ignoring
the distribution of traffic flow results in higher affected traffic volumes. For Strategies 3
and 5, both of which involve minimizing the affected traffic volume as a decision objective,
the values are smaller and very close.
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Figure 3b shows the maintenance costs under different decision strategies. It can be
seen that the maintenance costs for Strategy 1 are the highest, followed by Strategies 3 and
5, with Strategies 2 and 4 being the lowest. This is because the objective function of Strategy
1 tends to favor solutions that significantly improve the PCI value, but these solutions also
require higher costs. For Strategy 3, it focuses more on the impact of the maintenance plan
on traffic flow. As for Strategy 5, although it considers maintenance costs, it also takes other
decision objectives into account, so neither fully prioritizes minimizing costs. For Strategy
2, which aims solely to minimize costs, the cost-saving effect is the most ideal. Additionally,
since maintenance approaches with lower costs also result in lower carbon emissions (see
Table 7), the results of Strategy 4 are very close to those of Strategy 2.

Figure 3c further presents the carbon emissions of maintenance plans under different
strategies. It can be seen that the carbon emissions for Strategy 1 are the highest, followed
by Strategies 3 and 5, with Strategies 2 and 4 being the lowest. This result closely aligns
with the conclusions in Figure 3b, primarily because maintenance plans with lower carbon
emissions also tend to have relatively lower costs (see Table 7). Strategy 4 aims solely to
minimize carbon emissions, thus resulting in the most ideal carbon emission values.

Figure 3d,e shows the average PCI values and average IRI values under different
strategies. A higher PCI value indicates a better pavement condition, while a lower
IRI value also indicates a better pavement condition. From the two figures, it can be
seen that the values corresponding to Strategy 1 are the most ideal, which is related
to the strategy’s primary focus on maintenance effectiveness. Meanwhile, the values
corresponding to Strategies 2, 3, and 4 are relatively less ideal because their solutions tend to
favor maintenance approaches that require lower costs and result in lower carbon emissions
or shorter working hours. However, such maintenance approaches have a relatively
smaller improvement effect on pavement conditions. As for Strategy 5, which considers
maintenance effectiveness, the resulting values are relatively more ideal compared with
Strategies 2, 3, and 4.

Based on the above analysis, it can be observed that some decision objectives are
interrelated, such as Strategy 4 focusing on minimizing carbon emissions and Strategy
2 focusing on minimizing maintenance costs. More importantly, Strategy 5 considers
all objective functions simultaneously and achieves acceptable results across different
indicators. This can be seen in Figure 3a–e where the corresponding values are all between
the respective maximum and minimum values. Therefore, if multiple decision needs
are considered simultaneously, Strategy 5 is an optional approach. Based on the results,
compared with the Baseline strategy, Strategy 5 resulted in 19.698% less affected traffic
volume, 2.651% less carbon emissions, 1.344% more maintenance costs, 1.260% less average
PCI, and 3.864% more average IRI. Further analysis of Table 9 reveals that the Baseline
strategy did not account for the impact of seasonal factors on the difficulty or suitability
for maintenance, resulting in some maintenance tasks being scheduled during unsuitable
months (e.g., Segments 1, 7, 12) and some segments being maintained during high-traffic
months (e.g., Segment 5). Additionally, Table 9 shows that due to cost factors considered
in the decision strategy, some segments with a good initial condition were allocated as
“no maintenance task”, while segments needing maintenance were assigned different
maintenance approaches and scheduled in months with lower traffic volumes in different
years, and these months were suitable for maintenance tasks. In summary, the model
presented in this paper, especially the maintenance decision model based on Strategy 5, is
more suitable for high-altitude regions.
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Table 9. Maintenance plans based on the Baseline strategy and Strategy 5.

Segment
Baseline Strategy Strategy 5 PCI Values Based on Strategy 5

Approach Year Month Approach Year Month 2024 2025 2026

1 1 3 1 1 3 10 76.455 72.727 72.120
2 1 1 5 1 3 10 78.416 74.592 73.894
3 1 2 12 1 3 10 77.436 73.659 73.007
4 1 3 3 1 3 10 76.455 72.727 72.120
5 1 3 6 1 3 10 79.396 75.524 74.781
6 1 3 9 1 3 10 76.455 72.727 72.120
7 3 1 1 3 1 10 88.218 83.915 79.823
8 3 1 3 3 1 10 94.099 89.510 85.144
9 3 1 7 3 1 10 88.218 83.915 79.823

10 3 1 6 1 3 10 76.455 72.727 72.120
11 3 1 3 3 1 10 93.119 88.577 84.257
12 1 1 1 1 3 10 78.416 74.592 73.894
13 1 3 11 None None None 80.376 76.456 72.727
14 3 2 2 3 2 6 74.495 90.466 86.054
15 1 3 11 1 3 10 77.436 73.659 73.007
16 1 3 9 1 3 6 79.396 75.524 74.781
17 3 1 1 3 1 10 90.178 85.780 81.597
18 3 1 11 3 1 10 93.119 88.577 84.257
19 3 1 4 2 2 10 74.495 75.763 72.068
20 3 1 2 None None None 80.376 76.456 72.727
21 3 2 1 3 2 10 73.515 89.534 85.167
22 3 1 2 3 1 10 89.198 84.848 80.710
23 1 2 9 1 3 10 79.396 75.524 74.781
24 2 2 11 3 1 6 94.099 89.510 85.144
25 1 3 4 1 3 10 78.416 74.592 73.894
26 3 3 4 1 3 6 76.455 72.727 72.120
27 1 1 12 1 3 10 78.416 74.592 73.894
28 2 2 2 3 2 10 75.475 91.398 86.941
29 3 2 6 3 3 10 77.436 73.659 89.671
30 1 3 10 1 3 6 79.396 75.524 74.781

Combining Table 9 and the annual average daily traffic (AADT) of different segments,
Figure 4 shows the correlation between traffic flow and PCI values, with a cubic fitting
curve drawn. It can be seen that in the first year (2024), the curve is increasing, and the
increasing trend is less pronounced in the second and third years, but still observable. This
increasing trend indicates that segments with higher traffic flow tend to have higher PCI
values. This result is related to the objective function “maximize maintenance effectiveness”
included in Strategy 5, which aims for better pavement conditions on segments with higher
traffic flow.

Additionally, we conducted sensitivity analyses based on Strategy 5, including the
impact of the number of workers on affected traffic volume (see Figure 5a), the impact of
the minimum requirement of PCI on carbon emissions during maintenance (see Figure 5b),
and the impact of the annual budget on average PCI (see Figure 5c).

Figure 5a shows that the more maintenance workers, the less the traffic volume is
affected under the same decision strategy. This result is relatively easy to understand:
For the same maintenance task, the more workers, the shorter the required maintenance
time or period, and the less the traffic flow is affected. Therefore, to minimize the impact
of pavement maintenance on traffic, it is necessary to employ an appropriate number
of workers.
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Figure 4. Correlation between traffic flow and PCI value under Strategy 5.

Figure 5b shows that the higher the minimum requirement of PCI for the pavement,
the more carbon emissions are generated during maintenance. This result is also easy to
understand: For the same set of road segments, the higher the PCI required, the more
significant the required maintenance effect (see Figure 1 and Table 7) and the higher the
corresponding carbon emissions. Based on this, for maintenance planning, appropriately
lowering the minimum requirement of PCI can help reduce carbon emissions.

Figure 5c shows the impact of the annual budget on the average PCI. It can be seen
that the annual budget imposes certain constraints on the average PCI. This result is also
easy to understand as a larger budget allows for more maintenance tasks and a wider
selection of maintenance approaches to be implemented. Therefore, to ensure the quality
of pavement maintenance, it is necessary to provide a maintenance budget matching
the tasks.
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6. Extension of the Maintenance Decision Model
6.1. Interval Number

In actual maintenance, due to market price fluctuations, the unit area maintenance
cost (Cj) has uncertainty. Uncertain parameters can be described using fuzzy numbers,
ambiguous numbers, and interval numbers. Since the range of uncertain numbers is
generally determinable, this paper uses interval numbers [33] for description. Specifically,
for maintenance cost Cj, its uncertain form is C̃j. If −∞ < Cj ≤ Cj < +∞, then C̃j= [Cj, Cj]

is an interval number. If C̃j = Cj = Cj, then C̃j degenerates into a real number, which is a
deterministic value.

6.2. Optimistic Solution and Pessimistic Solution

For optimization models, when the feasible region of decision variables is the largest
and the best objective function is used, the best optimal solution can be obtained, which is
the optimistic solution, and the corresponding model is called the optimistic sub-model.
Conversely, when the feasible region is the smallest and the worst objective function is
used, the worst optimal solution can be obtained, which is the pessimistic solution, and the
corresponding model is called the pessimistic sub-model [34]. For the maintenance decision
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model in this paper, considering uncertainty, the objective function value corresponding
to the optimistic model represents the minimum value under the optimistic condition
where the uncertain parameter C̃j takes the lower limit. Similarly, the objective function
value corresponding to the pessimistic model represents the minimum value under the
pessimistic condition where the uncertain parameter takes the upper limit.

6.3. Robust Solution and Analysis

Obtaining a solution that is minimally affected by uncertainties is the focus of robust
optimization. The pessimistic solution obtained under the pessimistic condition is defi-
nitely a robust solution, but the corresponding result is likely to be overly conservative.
In response to this, Li et al. [34] proposed a robust optimization method based on the
acceptable objective variation range (AOVR). This method requires the decision variables
to be independent of the uncertain parameters and aims to find a robust solution such that,
under the maximum fluctuation caused by the uncertain parameters, the fluctuation range
of the objective function value does not exceed the acceptable range. Based on this, a robust
optimization model as shown in Equation (28) is further proposed.

minF′ = AT
∗X + c∗

s.t. 
∑
j∈J

∑
i∈I

(xi,j − xi,j,∗)
2 ≤ ε

ẽT
pX ≤ h̃p, ∀p ∈ {1, 2, · · · , Nc}

X ∈ {0, 1}

(28)

where A∗ and c∗, respectively, represent the coefficient vector and constant term vector
formed by the nominal values of each uncertain parameter in the optimistic model. X
represents the decision variable vector. ẽp and h̃p represent the coefficient vector and
constant term of the constraint equation, respectively, taking the parameters corresponding
to the pessimistic model. Nc represents the number of constraints. xi,j,∗ represents the value
of xi,j in the optimistic model solution. ε is the acceptable variation range, which limits the
fluctuation range of the solution and the objective function value. This range should be
as small as possible (but too small may result in no feasible solution) to obtain a robust
solution as close as possible to the optimistic solution.

Since xi,j is a binary variable, the robust optimization model shown in Equation (28)
also belongs to the MILP problem, which can be directly solved using the Gurobi solver. For
this, based on the parameters in Section 5.1 and Strategy 5, we set C̃j= [0.95 × Cj, 1.05 × Cj]
(i.e., the cost variation coefficient is between 0.95 and 1.05), and set ε to 50 to obtain a robust
solution. Table 10 displays the optimization results for the optimistic solution. Figure 6
shows some results corresponding to the pessimistic solution and the robust solution.

Table 10. Results of the optimistic solution.

Segment Approach Segment Approach Segment Approach

1 1 11 3 21 3
2 1 12 1 22 3
3 1 13 none 23 1
4 1 14 3 24 3
5 1 15 1 25 1
6 1 16 1 26 1
7 3 17 3 27 1
8 3 18 3 28 3
9 3 19 2 29 3
10 1 20 none 30 1
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At this point, the total cost is CNY 1,363,383, which is below the CNY 1,500,000
threshold. The annual costs are CNY 594,700, CNY 567,340, and CNY 201,343, all of which
are under CNY 600,000, meeting the relevant constraints.

However, when the unit area maintenance cost is in the worst-case condition
(1.05 × Cj), the total cost increases to CNY 1,506,897, exceeding the limit (CNY 1,500,000).
The annual costs are CNY 657,300, CNY 627,060, and CNY 222,537, with the first two years
exceeding CNY 600,000, thereby failing to meet the relevant constraints. Consequently, the
optimistic solution becomes infeasible. This indicates that as the unit area maintenance cost
gradually increases, the optimistic solution may transition from feasible to infeasible.

The results shown in Figure 6 indicate that for the four indicators involved—affected
traffic volume, carbon emissions, evaluated PCI, and average IRI—the maintenance plan
corresponding to the robust solution is more ideal compared with the plan corresponding
to the pessimistic solution, showing advantages of 1.180%, 0.884%, 0.433%, and 0.767%,
respectively. This is because the obtained robust solution has a high degree of proximity to
the optimistic solution, and the feasible region corresponding to the optimistic sub-model
is the largest, allowing for the best optimum solution. In contrast, for the pessimistic
sub-model, the feasible region is the smallest, and the obtained optimum solution is the
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worst optimum solution [33,34]. Therefore, the robust model can provide a balanced
maintenance plan.

The results shown in Figure 7 indicate that as the unit maintenance cost gradually
increases, the total maintenance cost corresponding to the robust solution is always less
than the cost corresponding to the pessimistic solution. This demonstrates that the robust
solution obtained through the robust optimization model is superior to the pessimistic so-
lution in dealing with variable maintenance costs, thereby further proving the effectiveness
of robust optimization.
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7. Conclusions

This paper proposes a pavement maintenance optimization decision method for
high-altitude areas. The goal is to obtain a monthly maintenance plan by incorporating
the impact of high-altitude climates on pavement maintenance, the effects of pavement
maintenance on traffic and the ecological environment, and maintenance cost factors
into the optimization decision requirements. It also addresses the influence of decision
preferences on related indicators of pavement maintenance plans and constructs mixed-
integer linear programming (MILP) models from the perspectives of common optimization
and robust optimization. The conclusions drawn from the case analysis are summarized
as follows:

Incorporating multiple decision objectives into the optimization model provides an
acceptable compromise compared with considering only a single decision objective. When
single or similar decision objectives are considered (e.g., Strategies 1 to 4), the optimal
solutions tend to favor their corresponding decision objectives. For instance, if the goal is
solely to optimize pavement maintenance effectiveness (i.e., Strategy 1), the affected traffic
volume is the largest. When multiple decision objectives with conflicting relationships are
considered, the multi-objective optimization method can obtain a balanced solution. For
example, the maintenance plan derived from Strategy 5, which comprehensively considers
various decision objectives, results in indicators that are all less than the corresponding
maximum values and greater than the corresponding minimum values.

Compared with previous models, incorporating the unique needs of high-altitude
pavement maintenance into the optimization model and refining the maintenance timing
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can yield more feasible decision plans. For example, decision models that only consider
carbon emissions and costs may result in less feasible outcomes. Maintenance timing might
be scheduled in months unsuitable for construction or during high-traffic periods.

Equipping with suitable pavement maintenance decision premises can lead to bet-
ter comprehensive maintenance effects. For instance, when the number of maintenance
workers increases from 15 to 20, the affected traffic volume decreases from 276,218 pcu to
265,147 pcu, a reduction of 4%. This indicates that reasonably increasing the number of
workers can effectively mitigate the impact of maintenance tasks on traffic.

Robust optimization is one effective method to address uncertainties in pavement
maintenance decisions. By targeting the uncertainty of unit area maintenance costs and
employing a robust optimization method based on the acceptable objective variation range
(AOVR), it is possible to derive a maintenance plan that considers the worst-case conditions
(i.e., the least favorable unit maintenance cost) yet remains relatively positive. For example,
in the case study, the optimistic solution becomes infeasible as unit area maintenance costs
increase, and the robust solution outperforms the pessimistic solution in terms of affected
traffic volume, carbon emissions, average PCI, and average IRI.

In future research, the scope of parameters can be expanded to cover more different
types of roads and environmental conditions in high-altitude areas, thereby enhancing the
model’s precision and applicability. Additionally, more comprehensive decision variables
and constraints can be introduced into the model, such as considering dynamic changes
in traffic demand and scheduling multiple maintenance activities. Moreover, attention
can also be given to other environmental indicators beyond carbon emissions to more
comprehensively assess the environmental impact of pavement maintenance. Additionally,
considering the potential of nonlinear programming methods in handling similar problems,
accurate and efficient nonlinear solutions are also worth exploring.
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Appendix A

Table A1. Sets, parameters, and variables in this study.

Symbols Meaning

Sets

I Segments requiring maintenance (indexed by i)
J Optional maintenance approaches (indexed by j)
U Years included in the maintenance cycle (indexed by u)
M Months in a year (indexed by m)
Ms Months suitable for maintenance
Mu Months unsuitable for maintenance

Parameters

Vi,u,m Average daily traffic volume (pcu) for segment i in month m of year u
Tu,m The number of days in month m of year u
Pj Carbon emissions per square meter (kg/m2) produced by maintenance approach j

Dj
The number of protection days required for segment i after using maintenance
approach j

Cj Cost per square meter (CNY/m2) of using maintenance approach j
Cu,max Annual maintenance budget (CNY) for year u
Cmax Total budget (CNY) for the maintenance cycle

Ej
Maintenance effectiveness (measured in terms of PCI improvement) produced by
maintenance approach j

Gj Working hours per square meter (hours/m2) required by maintenance approach j
Si,0 Initial state (measured in PCI) of segment i when making a maintenance decision
Save Average PCI required at the network level
Smin, Smax The minimum and maximum PCI required at the segment level
αi,1, βi,1 Used to calculate the PCI state change for segment i
αi,2, βi,2 Used to calculate the IRI state change for segment i
Li The length Li (meter) of segment i requiring maintenance
Bi The width Bi (meter) of segment i requiring maintenance
Q The total number of workers involved in maintenance work
O The maximum daily working hours (hours) for workers

Variables

xi,j Whether segment i chooses maintenance approach j (1 if chosen, 0 otherwise)

yi,u,m
Whether maintenance is carried out on segment i in month m of year u (1 if
chosen, 0 otherwise)

si,u
The PCI value of segment i in year u, which is affected by the above two decision
variables in the model

ri,u
International roughness index (IRI) value of segment i in year u, which is
influenced by si,u

Auxiliary symbols
fk The kth sub-objective
wk The weight of the kth sub-objective
fk,min, fk,max The minimum and maximum values of the kth sub-objective
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