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Abstract. The current maintenance plan design work still relies mainly on man-
ual experience and designs maintenance plans based on the degree of road dam-
age. However, the maintenance plan still needs to maximize investment benefits,
and the existing technology lacks a comprehensive maintenance plan that con-
siders these factors, resulting in poor overall effectiveness. This paper determines
all maintenance sections according to the maintenance demand analysis method
firstly. Next, all maintenance plans that meet the indicators required during the
maintenance planning period need to be screened out, and calculate the road con-
dition evaluation index PQI for each maintenance plan. Conduct initial screening
of maintenance plans through this method. Then, maintenance plans that meet
the requirements need to undergo a full lifecycle investment benefit calculation.
The best maintenance plan is ultimately selected through four aspects: economic
indicator, technical indicator, energy consumption indicator, and social benefit
indicator. This is a strategy that aims to determine maintenance plans with the
goal of maximizing investment efficiency. This strategy can quantitatively eval-
uate maintenance plans and improve the efficiency of plan formulation, avoiding
uncertainty caused by empirical judgment.

Keywords: Maintenance demand analysis, Maintenance investment efficiency,
Expressway.

1 Introduction

In actual road maintenance design, maintenance demand analysis is conducted on the
road network, and there will be multiple road sections in the road network that require
varying degrees of maintenance. How to determine the annual maintenance section and
maintenance sequence, how to ensure the maximum investment efficiency of the
maintenance plan, and how to meet the requirements of the road surface technical con-
dition indicators, these difficult problems currently do not have a set of solutions.

At present, China adopts the road condition evaluation index PQI to quantitatively
evaluate the performance of asphalt pavement. Domestic and foreign scholars have also
conducted research on the degradation law of asphalt pavement performance.
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Predicting future road conditions by studying decay patterns to determine maintenance
plans 3], Scholars have also conducted research on the investment efficiency of high-
way maintenance. At present, research mainly focuses on road condition evaluation,
supplemented by investment cost analysis. Various road condition indexes are used to
evaluate roads, and maintenance plans are designed based on the degree of road damage
(461 For example, In Ziari’s paper, capability and reliability of the group method of data
handling methods and artificial neural networks were analyzed. Nine effective variables
on pavement condition were used to demonstrate the effect of each variable and inter-
actions between the variables on pavement performance model ). Wangda selects
maintenance investment and changes in pavement technology conditions to form an
evaluation index set, comprehensively considering the weights of subjective and objec-
tive factors, and proposes a preventive maintenance investment benefit evaluation
model based on intuitionistic fuzzy set (IFS) and TOPSIS theory .

According to the above literature, most research uses machine learning methods to
analyze and predict data. This approach can avoid the confusion of too many influenc-
ing factors mixed together, directly learning the rules through the model, and outputting
the final results through the black box. However, during our actual reporting work, we
found that the property owners did not quite approve of this black box approach and
mostly chose a clear and visible method throughout the entire process to determine the
maintenance plan.

In addition, the selection of the best solution requires the overall technical condition
indicators and investment benefits of the road network as conditions. For example, in
some cases, the most severely damaged road sections may not be included in this year's
maintenance plan, but will be repaired in another year within the maintenance planning
period.

This article mainly determines the optimal maintenance plan through two aspects.
The first step is to select the maintenance plan with the most mileage and the least
investment, then calculate the investment benefits of these maintenance plans, and fi-
nally select the best maintenance plan with the goal of maximizing benefits. This
method abandons the unknown influence of too many influencing factors on road con-
ditions and uses the road condition evaluation indicators required in standard specifi-
cations to screen maintenance sections. And by calculating the benefits of the road sec-
tion from four aspects: technology, economy, social impact, and energy emissions, the
optimal maintenance plan was quantitatively determined to meet the maintenance needs
of the owners.

2 Initial Screening of Maintenance Plan

In this article, the maintenance of road sections needs to be determined through mainte-
nance demand analysis methods. Using the maintenance planning period and road con-
dition evaluation indicators as boundary conditions. The full-life-cycle investment ef-
ficiency index is used to compare and select various maintenance schemes, and the
maintenance scheme with the best investment efficiency for highway maintenance is
obtained. This strategy solves the problems of relying solely on human experience to
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develop maintenance plans and the lack of persuasiveness in maintenance plans, greatly
standardizing the design of maintenance plans.

The main purpose of the initial screening stage is to compare and select maintenance
plans, The schematic diagram is shown in Fig.1.
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Fig. 1. Schematic diagram

2.1 Maintenance Demand Analysis

Determine R’ maintenance sections based on actual conditions. The maintenance per-
sonnel need to set the maintenance planning period as P by themselves. And it is stip-
ulated that within P years, the overall PQI average of the road network needs to reach
the minimum value o. In addition, it is stipulated that if the PQI of a road section unit
does not reach o, within P years, there is a maintenance requirement for that road sec-
tion.
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2.2 The First Year Within the Maintenance Planning Period

The number of road segments with PQI<<a, is R. Road segments with maintenance
needs can choose to be maintained or not maintained, while road segments without
maintenance needs will not be maintained. Therefore, the number of maintenance plans
is 2R, Calculate the PQI of all maintenance plans in order, obtain maintenance plans
that meet the requirements, and determine whether this is the first year of the planning
period. If so, c=c+1, enter the second year. i; should be greater than 0, otherwise rede-
sign.

After saving Plan Ai.i1, determine which year is within the maintenance planning
period at this time. If the maintenance is not completed, continue to calculate PQL If
the maintenance is completed, record the number of this plan as ‘a’. This can obtain the
number of available maintenance plans during the planning period, and subsequently,
the best maintenance plan needs to be found among the ‘a’ plans based on the require-
ments of minimum investment and longest maintenance mileage.

2.3  The Second Year Within the Maintenance Planning Period

The road condition information and number of road sections R for the second year need
to be updated according to plan A (for example Aj.c1). Based on the road condition
information completed in the first year of maintenance, calculate all maintenance plans
for the second year, and obtain the number of maintenance plans i, for the second year.
Traverse Aj.j, when ¢ = iy, it indicates that all maintenance plans for the second year
have been calculated. Let j+1 and c=1, and start the calculation for the third year.

2.4  Within the Third Year and Beyond of the Maintenance Planning
Period

Starting from the second year, each scheme A,.ip, will have an i, value, and it is neces-
sary to detect the number S of schemes with the same scheme number first. Cycle the
calculation S times, complete the calculation of all schemes with this number, and then
proceed to the calculation of the next numbered scheme. When ¢ equals the maximum
value of i,.1, it indicates that all maintenance plans for year p have been calculated, and
the calculation for year p+1 begins.

2.5 End of Maintenance Planning Period

After the calculation of the maintenance plan for the last year is completed, p will be-
come P+1. At this time, Aj.; =0, indicating that the maintenance plan has been screened
and the calculation of the full-life-cycle investment efficiency has begun.
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3 Full-Life-Cycle Investment Efficiency

In order to achieve scientific decision-making for road maintenance, quantitatively
evaluate the maintenance plan from four aspects: economy, technology, energy emis-
sions, and social benefits.

3.1 Economic Indicator

Using three types of cost to calculate economic indicators:

(1) Maintenance project investment: including initial investment funds, funds in-
vested in major and medium maintenance projects, and funds invested in preventive
maintenance projects.

(2) Minor maintenance costs: Annual expenses necessary to maintain the normal use
of the road surface.

(3) Residual value: At the end of the maintenance planning period, the difference
between the road performance and maintenance standards is converted into the remain-
ing cost of the maintenance plan.

Cost of maintenance plan

RCI = 100 — (a, X

—a,) X 100 (1)

Cost of benchmark maintenance plan

RCI is an economic indicator, ap and a; are model parameters, a;=2.85, a;=1.95.

3.2 Technical Indicator

The technical aspect mainly compares the pavement performance index PQI throughout
the entire life cycle, which has been calculated in the initial screening stage.

PQI of maintenance plan

PPI = (b, X — by) x 100 )

PQI of benchmark maintenance plan

PPI is a technical indicator, by and b; are model parameters, by=19.9, b;=19.

3.3 Energy Consumption Indicators

The project team has carried out a large number of energy-saving and emission reduc-
tion tracking and observation work for highway maintenance projects nationwide, con-
structed a maintenance project energy consumption database, and calculated the energy
consumption generated by maintenance projects throughout their life cycle.

Energy consumption of plan

EAI = 100 — (¢, X —¢,) X 100 3)

Energy consumption of benchmark plan

EALI is an energy consumption indicators, co and c¢; are model parameters, co=0.88,
0120.2.
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3.4  Social Benefit Indicators

Social benefits include vehicle wear and tear, time costs, fuel consumption, etc. Cur-
rently, there is no authoritative calculation method. Therefore, simplifying this indica-
tor mainly analyzes the quantity and type of maintenance projects, indirectly reflecting
the impact of maintenance projects on social benefits throughout the entire life cycle.

coefficient of maintenance plan

ENI = 100 — (d, X

—d)x100  (4)

coefficient of benchmark maintenance plan

ENI is a social benefit indicator, do and d; are model parameters, do=1.48, d;=0.55.

3.5 Benchmark Maintenance Plan

Based on the construction structure and maintenance engineering characteristics of
highways in each province, a benchmark maintenance plan is independently formu-
lated, which is the highest standard for highway maintenance in each province. Other
plans are compared with it to calculate investment efficiency.

3.6 Investment Efficiency Index

Considering the traffic volume and traffic intensity, the service life of expressway, first
grade highway, secondary road, tertiary highway and township road is 15 years, 15
years, 12 years, 8 years and 6 years respectively. It is worth noting that expressway is
the highest grade in China and the backbone of the national highway network. First
grade highway mainly connects important political and economic centers. The traffic
volume of both highways is about 30000 vehicles. The benefit calculation should be
biased towards road condition indicators, and maintenance projects should be carried
out with the aim of opening to traffic as soon as possible. The traffic volume of second-
ary road, tertiary highway and township road is about 3000~7500 vehicles, 1000~4000
vehicles and less than 1500 vehicles respectively. The road condition indicators and
maintenance costs can be appropriately relaxed.
The change rule of indicator weights is shown in Table 1:

Table 1. Indicator weights

. Road age |Weighta of eco-| Weightb of Weight c of energy | Weight d of social
Highway grade| . . .
(year) nomic technical consumption benefit
Expressway, 1~10 0.35 0.5 0.05 0.1
First grade 11~13 0.4 0.45 0.05 0.1
highway 14~15 0.45 0.4 0.05 0.1
1~8 0.3 0.4 0.1 0.2
secondary road|
9~12 0.35 0.35 0.1 0.2
tertiary high-
eriaty e 1-8 0.35 0.35 0.1 0.2
way
township road 1~6 0.4 0.3 0.1 0.2
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Calculate the full-life-cycle investment efficiency according to Equation (5), LIBI is
an investment efficiency index, and select the maintenance plan with the highest LIBI.

LIBI = aRCI + bPPI + cEAl + dENI

4 Example

The maintenance plan period in this example is set to 15 years. Based on the character-
istics of Hebei Expressway Maintenance Project, the unit price of maintenance materi-
als is shown in Table 2, benchmark maintenance plan and investment are shown in

Table 3.
Table 2. Unit price of maintenance materials
Materials Unit price Materials Unit price
2cm ultra-thin overlay 50 Seal Coat 4
lcm micro surface area 28 milling 2cm 4
4cm SMA-13 70 milling 4cm 8
4cm AC-13 60 routine maintenance 2.5
Tack Asphalt Coat 2.5
Table 3. Benchmark maintenance plan and investment
Year Maintenance investment / thousand yuan
Benchmark plan Annual | Cumulative
1 routine maintenance 25 25
2 routine maintenance 26 51
3 routine maintenance 28 79
4 routine maintenance 29 108
5 2cm ultra-thin overlay 234 342
6 routine maintenance 25 367
7 routine maintenance 26 393
8 milling 1cm, adding 4cm SMA-13 347 740
9 routine maintenance 25 765
10 routine maintenance 26 792
11 routine maintenance 28 819
12 routine maintenance 29 848
13 routine maintenance 30 878
14 adding 4cm SMA-13 328 1207
15 routine maintenance 26 1233
Residual value -- 164 1069
-- Full-life-cycle investment 1069 1069

Maintenance Plan 1 is shown in Table 4, maintenance Plan 2 is shown in Table 5.
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Table 4. Maintenance Plan 1

Year Maintenance investment / thousand yuan
Benchmark plan Annual | Cumulative
1 routine maintenance 25 25
2 routine maintenance 26 51
3 routine maintenance 28 79
4 routine maintenance 29 108
5 2cm ultra-thin overlay 234 342
6 routine maintenance 25 367
7 routine maintenance 26 393
8 routine maintenance 28 421
9 routine maintenance 29 450
10 routine maintenance 30 480
11 Milling and adding ultra-thin overlay 253 733
12 routine maintenance 25 758
13 routine maintenance 26 785
14 routine maintenance 28 812
15 routine maintenance 29 841
Residual value -- 0 841
-- Full-life-cycle investment 841 841

Table 5. Maintenance Plan 2

Year Maintenance investment / thousand yuan
Benchmark plan Annual | Cumulative
1 routine maintenance 25 25
2 routine maintenance 26 51
3 routine maintenance 28 79
4 routine maintenance 29 108
5 1cm micro surface area 131 239
6 routine maintenance 25 264
7 routine maintenance 26 290
8 milling 1cm, adding 4cm AC-13 300 590
9 routine maintenance 25 615
10 routine maintenance 26 642
11 routine maintenance 28 669
12 routine maintenance 29 698
13 routine maintenance 30 728
14 adding 4cm AC-13 293 1021
15 routine maintenance 26 1048
Residual value -- 195 852
-- Full-life-cycle investment 852 852
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The full-life-cycle investment efficiency calculation of two maintenance plans and
benchmark maintenance plan are shown in Table 6. The final decision is plan 1.

Table 6. The full-life-cycle investment efficiency calculation

Plan PCI RQI RDI SRI PQI
1 91.84 94.64 90.94 90.58 92.70
2 92.30 94.53 92.49 92.34 93.22
benchmark | 93.41 95.08 92.78 92.78 94.08
Plan energy consumption(kgee) | Engineering coefficient
1 19425.00 3
2 22612.50 4
benchmark 35737.50 4
Plan RCI PPI EAI ENI LIBI
1 70.79 60.90 72.20 44 64.2
2 67.85 71.90 64.30 7 63.2

5 Conclusions

Based on extensive analysis of maintenance needs and development of maintenance
plans, the project team found that the current maintenance plan design lacks years of
planning and comparison of investment benefits, which makes it difficult for the owner
to review the rationality of the maintenance plan. Moreover, there may be situations
where the same section of road is renovated continuously for many years, resulting in
a waste of investment funds. Therefore, a reasonable maintenance plan design is very
important.

The maintenance plan formulation method in this article aims to maximize the in-
vestment benefits throughout the entire lifecycle. Firstly, all maintenance plans need to
be traversed and compared based on the maintenance planning period and road condi-
tion evaluation indicators as boundary conditions. Secondly, the investment benefits of
the entire lifecycle are calculated from four aspects: economic indicators, technical in-
dicators, social impact indicators, and energy consumption indicators, in order to obtain
the best maintenance plan and achieve a quantitative evaluation of the scientific nature
of road maintenance decisions. After practical application on the Hebei expressway
network, it can be demonstrated that this method has high practicality. This method is
currently only applicable to Hebei Expressway, and some parameters and weights in
the formula may not be applicable to other provinces. In future research, this method
will be applied to Jiangsu and Guangdong provinces, while considering combining it
with computer programming and big data analysis to form an advanced maintenance
technology that integrates multiple disciplines.
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