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The maintenance management decisions of network-level asphalt pavements have long been a challenge to highway agencies, and
a great amount of factors have been involved. In this study, a network-level optimization method was established by integrating
the maintenance beneﬁts into the zero-one programming optimization model. An optimized performance evaluation method of
asphalt pavement was proposed which contains 11 diﬀerent kinds of combinations. The beneﬁt model quantiﬁes the cost savings
of user travel time and vehicle fuel consumption to the pavement condition index (PCI) and ride quality index (RQI), respectively.
Based on the simpliﬁed evaluation method as well as the quantiﬁed maintenance beneﬁt model, an optimization model was
established by employing the zero-one programming. This optimization model aimed to maximize the improvements/price ratio
of pavement maintenance for the whole pavement network. The calculation results present the optimal strategies of maintenance
for every road section in the network. The applicability of the newly proposed model was validated by a case study. The
methodology developed in this study helps to oﬀer guidelines to highway agencies in managing and making decisions about
network-level pavement maintenance.

1. Introduction
After decades of development, the scale of highway networks
in many countries has gradually improved, and they have or
are about to face a major shift from the stage of “pavement
construction as the main” to “pavement maintenance ﬁrst.”
Therefore, pavement maintenance and management issues
have attracted more and more attention. In this case, the
pavement maintenance management system (PMMS), as a
systematic and scientiﬁc management and decision support
tool, can better optimize and improve the management and
decision-making ability of the highway networks. The road
in its entire life cycle will get better use performance and
higher service levels [1].
The essence of performance evaluation on the pavement
service is analysis of the extent to which the pavement

performance meets the speciﬁed requirements in terms of
the investigated pavement condition data. Based on the
obtained analysis and evaluation results, the pavement
performance can be estimated and the detailed maintenance
strategies for the pavement can be planned [2].
The pavement performance evaluation is usually carried
out in two aspects, namely, pavement structural and functional evaluations [3, 4]. The surface distress condition
belongs to the structural condition evaluation, which also
consists of the structural bearing capacity [5]. The pavement
functional evaluation includes driving quality, service level,
and safety [6, 7]. The pavement performance can be evaluated with a single evaluation index or with a comprehensive
evaluation index. Speciﬁcally, the single evaluation index is
mainly for analysis and evaluation of one of the use performances, while multiple single evaluation indexes are
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weighted and integrated as the comprehensive evaluation
index for evaluation. In another word, the single evaluation
index reﬂects the condition of a certain performance of the
pavement and the comprehensive evaluation index denotes
the comprehensive conditions of the pavement service
performance [8]. In practice, various parameters are aﬄicted
with large uncertainty. Ignoring the uncertainty may lead to
a suboptimal plan adversely aﬀecting the network conditions. Some optimization frameworks for network-level
pavement maintenance and rehabilitation planning considering the uncertain nature of pavement deterioration
have been developed [9].
The beneﬁt of pavement maintenance is the sum of the
direct and the indirect beneﬁts, which arise from the improvement of road conditions by implementing the pavement maintenance on expressways. The beneﬁt calculation
of the pavement maintenance projects does not only directly
reﬂect the assessment eﬀectiveness of pavement maintenance but is also an important prerequisite for the proper
selection of pavement maintenance methods in the next step.
Maintenance managers must allocate their limited budgets
among competing alternatives. The absence of simpler decision-making methods exacerbates this issue [10].
Diﬀerent approaches and perspectives have been developed on the speciﬁc indicators and contents of pavement
maintenance beneﬁt calculation; for example, the World
Bank deﬁned the beneﬁts of road projects into three aspects,
namely, beneﬁts arising from the saving in vehicle operating
costs, saving in user time costs, and saving in traﬃc accident
reduction. These aspects of beneﬁts are taken account in the
speciﬁc road project beneﬁt evaluation in many countries,
including the United States, United Kingdom, and Japan.
Some researchers suggest that not only the short-term, direct, and quantitative economic beneﬁts but also long-term,
indirect, and qualitative economic beneﬁts should be considered [11]. Moreover, the economic impact is suggested to
be taken into account in the analysis of cost eﬀectiveness
[12]. Based on practical experience, the beneﬁts calculation
of pavement maintenance projects in China at present
mainly considers the beneﬁts of operating costs reduction,
the beneﬁts of user travel time saving, the beneﬁts of traﬃc
accidents reduction, and the improvement of the quality of
transportation services [13].
Based on the proposed indicators, the problem of ﬁnding
the best pavement maintenance method can be modeled as a
combinatorial optimization problem [14]. Diﬀerent algorithms have been developed to solve the optimization decision model that can be applied in highway asset
management [15–19]. Recently, a binary cuckoo search
(BCS) algorithm was implemented to a pavement maintenance management system to solve the optimization
problem. The results of a comparison between genetic algorithms (GAs) and the BCS clearly justify the advantages of
the search paths underlying the BCS in alleviating premature
convergence [20]. Furthermore, several applications using
diﬀerent optimization decision models to improve the
overall pavement maintenance solution at the network level
can be found. For example, a multiobjective decision-aid
tool (MODAT) was developed by testing with data from the
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Estradas de Portugal’s Pavement Management System. The
MODAT uses a multiobjective deterministic section-linked
optimization model with diﬀerent possible goals [21].
However, due to the lack of maintenance experience, the
large scale of maintenance requirements, and the shortage of
maintenance funds resources, a comprehensive and scientiﬁc decision-making method has not yet been established so
far. How to establish eﬃcient and scientiﬁc pavement
maintenance and management methods, improve operational eﬃciency, meet high-quality pavement maintenance
needs, and meet various transportation needs has become
important problems encountered in pavement management
[22].
This study proposes a network-level pavement maintenance and rehabilitation optimization model considering
the costs of user travel time and vehicle fuel consumption.
Firstly, the evaluation indicators used in the model were
listed. Afterwards, the optimization method of pavement
maintenance used in China was brieﬂy introduced. Next, the
estimation method of road user costs which was integrated
in the optimization method was presented. Based on the
theoretical basis, a network-level optimization method
considering road user costs was proposed and described in
detail. Finally, a case study using the developed optimization
method was shown.

2. Theoretical Basis
2.1. Evaluation Indicators of Asphalt Pavement. A globally
popular pavement performance indicator is the Pavement
Condition Index (PCI). It is a numeric index between 0 and
100, which was originally developed by the US Army and
later standardized by the ASTM [23]. The PCI reﬂects the
number of the distresses on the pavement and their extent.
Therefore, a newly constructed road has a PCI of 100, and as
it deteriorates over time and becomes impassable, its PCI
approaches 0. Computing the PCI requires data about
several types of distresses and their severity as follows:
potholes, fatigue cracking, rutting, block cracking, edge
cracking, longitudinal and transverse cracking, patching,
shoving, bleeding, polished aggregate, and raveling [24]. The
PCI can be determined by the following equation [25]:
n mi

PCI � 100 −   DPij Wij ,

(1)

i�1 j�1

where i and j are counters for distress types and severity
levels, respectively; n is the total number of observed distress
types; mi is the number of severity level for the distress type i;
DPij is the deduct value that varies with distress type i and
severity j; and Wij is an adjustment weight when the
pavement with distress type i reaches the severity level m.
Pavement roughness is an indispensable criterion in the
evaluation of pavement performance, which plays an important role not only in the service life of the pavement but
also in the economy of operation and the capacity of vehicles
and traﬃc safety. The Ride Quality Index (RQI) can be used
as a standard to evaluate the pavement roughness. The relationship between International Roughness Index (IRI) and
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RQI, according to the Highway Performance Assessment
Standards (JTG H20-2007) [25], can be expressed by following equation:
RQI �

100
,
1 + a e(a1 ·IRI)

(2)

and diﬀerent maintenance strategies. This can be adjusted
appropriately in the recommended range given in the
technical speciﬁcations, but the values of 0.35, 0.35, 0.1, and
0.2 are generally recommended for the four parameters,
respectively.

0

where a0 and a1 are the standard parameters with the values
of 0.026 and 0.65, respectively [25].
Skid resistance (or friction) of road surfaces plays a
signiﬁcant role in road safety as the friction between tire, and
pavement is a critical contributing factor in reducing potential crashes. This safety performance is also a major
criterion for evaluating the service performance of pavements. The structural texture of a pavement greatly aﬀects its
skid resistance. The Skid Resistance Index (SRI) of pavement
is used to evaluate its skid resistance performance.
According to the Highway Performance Assessment Standards (JTG H20-2007) [25], the relationship between the
directly measured Sideway Force Coeﬃcient (SFC) and SRI
can be described by the following equation:
⎝
SRI � ⎛

100 − SRImin ⎞
⎠ + SRI ,
min
1 + a e(a1 ·SFC)

(3)

0

where SRImin is the skid resistance limit and a0 and a1 are the
standard parameters with the values of 28.6 and −0.105,
respectively.
Deﬂection is an eﬀective index to reﬂect the pavement
bearing capacity and structural strength. Measuring deﬂection
has the advantages of being convenient, intuitive, economical,
and eﬃcient. According to Highway Performance Assessment
Standards (JTG5210-2018) [26], Pavement Structural Strength
Index (PSSI) is determined by the allowable pavement deﬂection, the actually measured pavement deﬂection, and the
model parameters, among which the model parameters are
ﬁxed values. When the road structure’s own characteristics are
determined (such as highway grade and pavement structure
type), the pavement’s allowable deﬂection is also uniquely
determined [27]. Therefore, the strength of the pavement
structure is determined by the measured pavement deﬂection
value as follows:
PSSI �

100
1 + 15.71e−5.19SSI

,

(4)

where SSI is the structure strength index and can be calculated with SSI � lR /l0 and lR and l0 are the allowed and
measured deformations of the asphalt pavement,
respectively.
The Pavement Quality Index (PQI) is the overall “score”
given to a pavement section with a range from 0 to 100. The
value of 100 represents a road in excellent condition (usually
when it is initially constructed). PQI is an output metric that
is a function of PCI, RQI, SRI, and PSSI according to [28] as
follows:
PQI � ωPCI PCI + ωRQI RQI + ωSRI SRI + ωPSSI PSSI.

(5)

The weight ω of each index is not ﬁxed but ﬂuctuates in a
certain range, which depends on the actual road condition

2.2. Optimization of Pavement Performance Evaluation
Method. Pavement service performance evaluation includes
serval indicators such as PCI, RQI, SRI, and PSSI, which is a
comprehensive evaluation system. Although PQI can reﬂect
the comprehensive maintenance condition of the pavement,
it is necessary to determine the maintenance strategy
depending on the speciﬁc circumstance, i.e., only using the
PQI to develop detailed maintenance strategies is not appropriate. In order to consider the pros and cons of each
performance conditions, it requires combining the diﬀerent
pavement performance conditions with diﬀerent grades for
each evaluation indicator, which facilitates the optimization
of maintenance decisions.
Current standards in China classify the four indicators
(PCI, RQI, SRI, and PSSI) into ﬁve levels: excellent, good,
fair, poor, and very poor. Therefore, there are in total 625
diﬀerent combined states, and each state has diﬀerent
maintenance measures, making thousands of possible situations. As a result, the scale of optimization decisionmaking is too complex and is not conducive to solving. It is
necessary to analyze and study the combined states of
pavement performance to reduce unnecessary combined
states and further reduce the scale of optimization decisionmaking. In this study, on basis of analyzing the speciﬁc state
combinations according to the relevant technical speciﬁcations [28], a simpliﬁcation was adopted by emerging the
similar levels to reduce the condition combinations. In
particular, the condition levels for the PCI and RQI indexes
were adjusted by combining the excellent [90–100] and good
[80–90) levels as good [80–100] and also combining fair
[70–80) and poor [60–70) as fair [60–80). For the SRI and
PSSI indexes, only two condition levels were retained which
are suﬃcient and insuﬃcient. The details for the ﬁnalized
combinations are shown in Table 1.
It is seen from Table 1 that a total of 3 × 3 × 2 × 2 � 36
diﬀerent condition combinations of asphalt pavement
performances after simpliﬁcation can be summarized.
Through this simpliﬁcation not only the demands of optimization decision-making are fulﬁlled but also its scale is
greatly reduced, which is more beneﬁcial to decisions and
solutions. Moreover, it is worth noting that most of these
conditions are still of no practical signiﬁcance. For instance,
if the PSSI index is evaluated to be insuﬃcient, structural
reinforcement must be conducted regardless of other three
indexes. If the SRI index is evaluated to be insuﬃcient but
the PSSI index is in the suﬃcient condition, the anti-skidding layer must be paved to restore the skid resistance regardless of other three indexes. The special requirements on
the SRI and PSSI indexes lead to a signiﬁcant decrease in the
eﬀective combinations of pavement condition. In the actual
decision-making process, only the combinations with actual
signiﬁcance are necessary for further analysis and the
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Table 1: Simpliﬁed combinations of the pavement performance condition.

PCI
RQI
SRI
PSSI

Verbal rating (numerical rating)
Fair [60–80)
Fair [60–80)
Insuﬃcient [0–62)
Insuﬃcient [0–80)

Good [80–100]
Good [80–100]
Suﬃcient [62–100]
Suﬃcient [80–100]

corresponding appropriate maintenance strategies will be
selected consequently. Table 2 shows the maintenance
strategies for each combination of conditions.
As can be seen in Table 2, only 11 condition combinations are of practical signiﬁcance for the pavement performance for the maintenance decision optimization
problem. Moreover, two combinations (10 and 11) will be
eliminated in the later decision optimization due to the
demands of the mandatory maintenance strategies. Only the
remaining 9 combinations require decision optimizations,
and consequently, the scale of decision optimization is
reduced.
2.3. Estimation of User Costs. The beneﬁts of expressway
pavement maintenance projects can be mainly represented
in various related cost savings. The American Association of
State Highway and Transportation (AASHO) deﬁnes the
beneﬁts of pavement maintenance projects as the vehicle
travel cost savings, the travel time savings, the traﬃc accident reduction, and the vehicle exhaust emission reduction.
In this study, the user cost savings are deﬁned including the
costs of user travel time and the vehicle travel fuel
consumption.
2.3.1. Cost Savings in User Travel Time. The user travel time
cost is the value that arises due to the existence of an opportunity cost of the time consumed by the vehicle during
the trip [29, 30]. The savings in user travel time cost after
implementing pavement maintenance ΔT can be expressed
by the following equation [13]:
ΔT � θ · Q · T0 − T1 ,

(6)

where θ is the converting coeﬃcient of the travel time value,
Q is the traﬃc volume of the road section, T0 is the travel
time of a single vehicle before maintenance, and T1 is the
travel time of a single vehicle after maintenance. The converting
coeﬃcient
θ
is
calculated
through
θ � GDP/(population × average working time). Calculation
of equation (6) requires a functional relationship between
the user travel time of the road section and the pavement
condition. PCI is then adopted as an indicator for the
pavement condition. The functional relationship between T
and the PCI can be obtained through tests on a large number
of road sections, which is expressed as follows [13]:
T � α · l · (PCI − η)β +

l
,
v0

(7)

where l is the section distance, v0 is the maximal design
speed, and α, β, and η are the parameters to be determined.

Poor [0–60)
Poor [0–60)

Table 2: Condition combinations of the expressway asphalt
pavement performance.
Combination
1
2
3
4
5
6
7
8
9
10
11

PCI
Good
Fair
Poor
Good
Fair
Poor
Good
Fair
Poor

RQI
Good
Good
Good
Fair
Fair
Fair
Poor
Poor
Poor

SRI
Suﬃcient
Suﬃcient
Suﬃcient
Suﬃcient
Suﬃcient
Suﬃcient
Suﬃcient
Suﬃcient
Suﬃcient
Insuﬃcient

PSSI
Suﬃcient
Suﬃcient
Suﬃcient
Suﬃcient
Suﬃcient
Suﬃcient
Suﬃcient
Suﬃcient
Suﬃcient
Suﬃcient
Insuﬃcient

Therefore, the savings in user travel time costs after the
pavement maintenance can be represented as follows:
β

β

ΔT � θ · Q · α · l ·  PCI0 − η − PCI1 − η ,

(8)

where PCI0 represents the PCI value of the road before
maintenance and PCI1 represents the PCI value of the road
after maintenance.
2.3.2. Cost Savings in Vehicle Travel Fuel Consumption.
Fuel consumption cost refers to energy expenses consumed
by the vehicle in the travel process [31–34]. According to
[35], for a minivan, which is selected as the standard vehicle
in this study, the relationship among the fuel consumption,
the vehicle speed, and the IRI can be expressed by the
following equation:
O � 0.0040141 · V2 − 0.56612 · V + 25.29872 + 0.56222 · IRI,
(9)
where O is the fuel consumption L/100 km and V is the
vehicle speed. When assuming that the vehicle is traveling at
speed of 80 km/h, the relationship between the fuel consumption and the IRI can be described by following
equation:
O � 0.56222 · IRI + 5.69936.

(10)

Based on equation (10), the cost savings in fuel consumption after pavement maintenance can be expressed as
ΔO � 0.56222 · g · IRI0 − IRI1  · l · Q,

(11)

where g is the fuel price, IRI0 represents the IRI value of the
road before maintenance, and IRI1 represents the PCI value
of the road after maintenance.
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3. Development of the Optimization Model of
Pavement Maintenance at Network Level
3.1. Problem Statement and Basic Hypotheses. In this study,
the selected problem in the pavement maintenance is
deﬁned as a highway network consisting of N1 roads.
According to Section 2.2, there are N2 � 11 combinations
of pavement performance conditions. The performance
conditions of diﬀerent sections in the same road may be
signiﬁcantly diﬀerent, and the proportion of the i-th road
under the j-th combination at a given time is denoted as
di·j . A total of N3 maintenance strategies are implemented
for the highway. To ensure the basic traﬃc capacity, a
minimum value NPQI is generally required for the PQI of
the road network after applying the maintenance strategies. Based on this restriction, the maintenance strategies for diﬀerent roads and performance conditions of
road sections are determined to ensure that the performance price ratio of the maintenance is maximized. This
means the ratio of road user cost savings to the invested
maintenance cost is maximized.
The following hypotheses are proposed in this study for
developing the optimization model of pavement maintenance at network level:
(1) In accordance with the requirements of sustainable
development, the service level and pavement performance of the road throughout its life cycle do not
seriously decline, which means during the planning
of the maintenance optimization in the current year,
the condition of the service level and pavement
performance of the road in the previous year must be
considered.
(2) Among the 11 combinations of road performance
conditions given in Section 2.2, the 10th and 11th
conditions are excluded from the maintenance optimizations due to its regular maintenance strategies.
Therefore, in the actual optimization model, N2 is
reduced from 11 to 9.
(3) For any road section, only one maintenance strategy
is adopted in the current maintenance cycle.
(4) The eﬀects of the increase in traﬃc volume in the
following year on the estimated user costs are
neglected.
(5) The implementation of the maintenance does not
change the capacity of the road section.
(6) The maintenance measures can reach the required
standard values.
3.2. Development of the Optimization Model. According to
the maintenance requirements mentioned in earlier section,
this study adopts the zero-one integer programming method
[36] to construct the maintenance optimization decision
model for network-level roads, which are shown in following
equations.
The objective function is as follows:

N

max

N

N

3
i�11 j�12 k�1
ΔTi·j·k + ΔOi·j·k 

N

N

N

3
Ci·j·k
i�11 j�12 k�1

.

(12)

The constrains are as follows:
N3

 xi·j·k � 1, i � 1, 2, . . . , N1 ; j � 1, 2, . . . , N2 ; k � 1, 2, . . . , N3 ,
k�1

(13)
N

N

N

3
xi·j·k · li · di·j · ej·k
i�11 j�12 k�1

N

i�11 li ≥ NPQI
xijk � {0. 1},

,

(14)

(15)

where ΔTi·j·k is the saved user travel time costs after applying
the k-th maintenance strategy for the i-th road section under
the j-th combination condition, ΔOi·j·k is the saved fuel
consumption from vehicles after applying the k-th maintenance strategy for the i-th road section under the j-th
combination condition, Ci·j·k is the maintenance cost for
applying the k-th maintenance strategy for the i-th road
section under the j-th combination condition, li is the total
mileages of the i-th road, di·j is the proportion of the i-th
road under the j-th combination condition, and ej·k is the
PQI value after applying the k-th maintenance strategy for
the road section under the j-th combination condition. With
equation (13), every road section is ensured a maintenance
strategy, and according to the requirements in the actual
maintenance of pavements, when a road section is not
applied with a special maintenance strategy, the measures for
routine road maintenance are still required as necessary.
Equation (14) restricts the overall maintenance quality of the
road network which guarantees that the average PQI of the
road network after maintenance is above 90. Equation (15)
deﬁnes the 0-1 dummy variable xi·j·k for the zero-one integer
programming method used in the current study. The variable xi·j·k has a value of either 0 or 1. A value of 1 for xi·j·k
indicates that the k-th maintenance strategy is applied for the
i-th road section under the j-th combination condition or 0
otherwise.
Referring to Section 2.3, ΔTi·j·k , ΔOi·j·k , and Ci·j·k can be
determined by following equations:
ΔTi·j·k � θ · Qi · Δti. j. k ,

(16)

ΔOi·j·k � Qi · Δoi·j·k ,

(17)

ΔCi·j·k � xi·j·k · li · di·j · pi·k ,

(18)

where Qi is the traﬃc volume of i-th road section, Δti·j·k is
the saved user travel time from each vehicle after applying
the k-th maintenance strategy for the i-th road section under
the j-th combination conditio, Δoi·j·k is the saved fuel
consumption from each vehicle after applying the k-th
maintenance strategy for the i-th road section under the j-th
combination condition, and pi·k is the maintenance cost per
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kilometer for the i-th road applying the k-th maintenance
strategy.
Δti·j·k and Δoi·j·k can be obtained through
Δti·j·k � li · di·j · tj·k ,

(19)

Δoi·j·k � li · di·j · g · oj·k ,

where tj·k and oj·k are the saved user travel time and saved
fuel consumption from each vehicle after applying the k-th
maintenance strategy for the j-th combination condition in
unit kilometer, respectively.
By adopting equations (8) and (11), tj·k and oj·k can be
determined with following equations:
β

β

tj·k � α ·  PCI0 − η − PCI1 − η ,

(20)

oj·k � 0.56222 · IRI0 − IRI1 ,
where PCI1 denotes the pavement condition index of the
road under the j-th combination condition after applying the
k-th maintenance strategy, PCI0 represents the pavement
condition index of the road under the j-th combination
condition before applying the k-th maintenance strategy,
IRI1 expresses the international roughness index of the road
under the j-th combination condition after applying the k-th
maintenance strategy, and IRI0 denotes the international
roughness index of the road under the j-th combination
condition before applying the k-th maintenance strategy.

3.3. Case Study
3.3.1. Background and Input Parameters. Based on operating road sections in Shaanxi, China, the model developed
in this study was applied to optimize the maintenance plan
decision. Ten expressways were investigated, and all of them
are asphalt pavements [37]. The corresponding mileages and
traﬃc volumes are shown in Table 3.
After testing the pavement, the distributions of diﬀerent
combinations of pavement conditions within this network in
the current year are presented in Table 4.
By conducting ﬁeld investigations in diﬀerent road
sections, the costs of ﬁve common maintenance strategies
for diﬀerent road sections in this network were determined,
as listed in Table 5.
After a comprehensive survey of the current year regarding the gross domestic product (GDP), the population
size, and the average working time in Shaanxi Province, the
time value conversion coeﬃcient θ and the current local fuel
price g were determined with values of 15.34 and 6.73
Yuan/L, respectively. The value of NPQI � 90 is adopted in
this case which is suggested by the transport agency.

The determination of the three coeﬃcient matrices
ej· k , tj·k , and oj· k is required for the application of the
model developed in this study. For ej·k , PQI can be determined by equation (5), and the averaged values of the
pavement performance indicators were adopted in the
calculation. In this study, it was assumed that routine
maintenance cannot improve the pavement performance
evaluation index. The PCI indicator is increased by two
levels, and RQI is increased by one level when paving an
overlay [38]. For the skid resistance performance index
SRI, the optimal level is restored when paving an antiskid layer, conducting the pavement reconstruction or
structural reinforcement. For the pavement structural
strength index PSSI, the optimal level is restored by
conducting a pavement reconstruction or structural reinforcement [38]. For instance, if road section is now in
the condition of combination 5, the maintenance strategy
of overlay paving is adopted. This means that the PCI and
RQI indexes were increased from 70 to 70 to be 95 and 90,
respectively. However, the other two indexes remain
unchanged. Then, the PQI of this road after maintenance
can be calculated through equation (5) as PQI � 0.35 ×
95 + 0.35 × 90 + 0.1 × 81 + 0.2 × 90 � 90.85. Based on these
assumptions, the PQI values after applying diﬀerent
maintenance strategies under diﬀerent combinations are
shown in Table 6.
The corresponding coeﬃcient matrices of tj·k and oj·k are
shown in Tables 7 and 8, respectively.
3.3.2. Optimal Maintenance Decision Based on the Calculation Results. Based on the determined coeﬃcient matrices,
the developed model was calculated using lingo software and
the optimal maintenance methods were chosen based on the
calculation results. The details are shown in Table 9.
It is found from Table 9 that the strategy of structural
reinforcement is more preferable than the strategy of
pavement rehabilitation for the road sections that are in
poor performance. This is expected since the beneﬁts of
these two strategies are nearly the same, but the price of
rehabilitation is obviously higher than that of structural
reinforcement. The method of paving an anti-skid layer is
not adopted by the pavements with suﬃcient skid resistance because this method fails to improve the PCI and
RQI indicators. The maximum value of the objective
function is 1.73, indicating that 1.73 Yuan of user cost can
be saved per unit of pavement maintenance investment. It
is worth noting that the total amount of maintenance cost
was not limited in the current model. However, the
proposed model can be readily modiﬁed to take into
account the limit-maintenance-cost cases by introducing
an additional constraint on the amount of maintenance
cost.
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Table 3: Information on mileage and traﬃc volume of expressway in the road network.
Road number
Mileage (km)
Daily traﬃc volume

1
221
15968

2
105
25634

3
141
17964

4
214
9654

5
138
14003

6
87
20658

7
54
10298

8
165
18635

9
69
22384

10
145
17520

Table 4: Distributions of diﬀerent expressway pavement condition combinations in the road network.
Combination
1
2
3
4
5
6
7
8
9
10
11

1
0.85
0.05
0
0.1
0
0
0
0
0
0
0

2
0.62
0.06
0
0.11
0.06
0
0.05
0.06
0
0.04
0

3
1
0
0
0
0
0
0
0
0
0
0

4
1
0
0
0
0
0
0
0
0
0
0

Road number
5
6
0.92
0.82
0.08
0.11
0
0
0
0.07
0
0
0
0
0
0
0
0
0
0
0
0
0
0

7
0.86
0.06
0
0.08
0
0
0
0
0
0
0

8
0.78
0.09
0
0.11
0
0
0
0
0
0.02
0

9
0.9
0.1
0
0
0
0
0
0
0
0
0

10
0.85
0.1
0
0.05
0
0
0
0
0
0
0

Table 5: Cost of diﬀerent road sections with diﬀerent maintenance strategies (10000Yuan/m2).

Routine maintenance
Paving of overlay
Paving of anti-skid layer
Pavement reconstruction
Structural reinforcement

1
5
20
15
50
40

2
5
20
15
50
40

3
4.5
18
13
47
36

4
4.5
18
13
47
36

Road number
5
6
5
4
20
15
15
12
50
42
40
32

7
4.5
18
13
47
36

8
4
15
12
42
32

9
5
20
15
50
40

10
4
15
12
42
32

Table 6: PQI values after applying diﬀerent maintenance strategies under diﬀerent combinations.
Combination Routine maintenance Paving of overlay Paving of anti-skid layer Pavement reconstruction Structural reinforcement
1
89.1
92.6
90.5
95
95
2
82.1
92.6
83.5
95
95
3
68.1
90.85
69.5
95
95
4
82.1
90.85
83.5
95
95
5
75.1
90.85
76.5
95
95
6
61.1
89.1
62.5
95
95
7
68.1
83.85
69.5
95
95
8
61.1
83.85
62.5
95
95
9
47.1
82.1
48.5
95
95
Table 7: The tj·k matrix used in the developed model.
Combination Routine maintenance Paving of overlay Paving of anti-skid layer Pavement reconstruction Structural reinforcement
1
0
0.0000015
0
0.0000014530
0.0000014530
2
0
0.0000088
0
0.0000088458
0.0000088458
3
0
0.0001232
0
0.0001246440
0.0001246440
4
0
0.0000015
0
0.0000014530
0.0000014530
5
0
0.0000088
0
0.0000088458
0.0000088458
6
0
0.0001232
0
0.0001246440
0.0001246440
7
0
0.0000015
0
0.0000014530
0.0000014530
8
0
0.0000088
0
0.0000088458
0.0000088458
9
0
0.0001232
0
0.0001246440
0.0001246440
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Table 8: The oj. k matrix used in the developed model.

Combination Routine maintenance Paving of overlay Paving of anti-skid layer Pavement reconstruction Structural reinforcement
1
0
0.6463060
0
0.6463059708
0.6463059708
2
0
0.6463060
0
0.6463059708
0.6463059708
3
0
0.6463060
0
0.6463059708
0.6463059708
4
0
1.1676243
0
1.8139302766
1.8139302766
5
0
1.1676243
0
1.8139302766
1.8139302766
6
0
1.1676243
0
1.8139302766
1.8139302766
7
0
1.4657549
0
3.2939468546
3.2939468546
8
0
1.4657549
0
3.2939468546
3.2939468546
9
0
1.4657549
0
3.2939468546
3.2939468546
Table 9: Optimal maintenance methods on the diﬀerent road
sections under diﬀerent combinations.
Combination
1
2
3
4
5
6
7
8
9
10
11

1
I
I

2
II
II

II

V
V

3
II

Road number
4 5 6
7
I I II
I
I II
I
V

II

8
II
II
V

9
II
II

10
II
II
II

V
V
III

that the model established here can be readily extended for
the investigation of more complicated road networks or
consideration of other impact factors.
For future research, more components of user cost (e.g.,
vehicle tire wearing cost and vehicle safety cost) as well as the
environment costs including exhaust emission pollution cost
and traﬃc noise pollution cost should be incorporated into
the optimization model. The eﬀects of the increase in traﬃc
volume in the following year on the estimation of user costs
should be considered.

Data Availability
III

I denotes the routine maintain, II represents paving of overlay, III indicates
the paving of anti-skid layer, IV refers to the pavement rehabilitation, and V
denotes the structural reinforcement.

The data used to support the ﬁndings of this study are included within the article.
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4. Conclusions and Outlook
This study presents the development and implementation of
a network-level optimization method within a pavement
management information system. The network-level optimization method integrates the estimation method of road
user costs including the user travel time and vehicle fuel
consumption, and it provides the highway agencies the
ability to making better and more reasonable managing and
making decisions about network-level pavement maintenance. The major conclusions of this study are as follows.
The performance evaluation method of asphalt pavement was optimized to include 11 diﬀerent combinations.
The beneﬁt model of asphalt pavement maintenance was
established by taking the user cost into account, which
includes cost savings in both user travel time and vehicle fuel
consumption. Based on the simpliﬁed evaluation method of
pavement performance as well as the quantiﬁed estimation
method of user cost, an optimization model was established.
The new model is capable of (1) maximizing the improvements/price ratio of pavement maintenance for the given
road network and (2) determining the corresponding
strategy of maintenance for any road section in the road
network. The optimization model developed in the current
study paves the path for the integrating of user travel time
and vehicle fuel consumption costs into the application
network-level road maintenance decision. It is worth noting
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