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Abstract. After more than 30 years of rapid development in expressway con-
struction in China, by the end of 2023, the total mileage of national express-
ways in operation had reached 183,000 kilometers. However, a large number of
existing expressways are facing issues of structural aging or over-aged service,
with more than 30% of expressways having exceeded their designed service
life. To maintain excellent service levels and extend their useful life, multiple
pavement maintenance projects need to be carried out. Based on 12 years of
continuous pavement technical condition detection data, as well as basic data
such as construction and maintenance history and traffic volume, from the ex-
pressway network of a northern province in China, this study analyzed the im-
plementation effects and applicable conditions of expressway pavement
maintenance measures under multi-stage maintenance interventions. The re-
search results indicate that the direct overlay measure is suitable for heavy-duty
pavements with good structural strength. The impact of road conditions and
traffic volume on the service life of pavements that adopt milling and overlay
measures is relatively small. This study provides scientific basis and technical
support for the pavement maintenance of highways in long-term service.

Keywords: Expressway, Pavement maintenance, Multi-stage maintenance,
Maintenance measures, Maintenance countermeasure set.

1 Introduction

Since the completion and opening of the first 147-kilometer expressway in China in
1988, the country has experienced a rapid development period in highway construction
spanning 30 years. As of the end of 2023, the total mileage of completed and opened
expressways nationwide has reached 183,000 kilometers. In recent years, with the de-
velopment of socio-economic conditions, some expressways have undergone recon-
struction and expansion projects due to insufficient traffic capacity and severe structural
damage, entering a new service life cycle. However, a large number of existing
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highways are still confronted with the issues of structural aging or overservice. Accord-
ing to statistics, by the end of 2024, more than 30% of highways in China have exceeded
their designed service life, leading to inevitable deterioration in both pavement perfor-
mance and structural performance. Therefore, it has become an important task to adopt
targeted maintenance measures for different pavements reasonably and effectively
[1,2,3]

According to the “Specifications for Design of Highway Asphalt Pavement Mainte-
nance” (JTG 5421-2018) ], the design service life for structural rehabilitation projects
of pavements is 10 to 15 years, the expected service life for functional rehabilitation
projects is 5 to 8§ years, and the expected service life for preventive maintenance pro-
jects is 2 to 5 years. However, in the process of multiple pavement maintenance and
management of highways, issues such as poor implementation effects of maintenance
measures and excessively short service lives often arise, resulting in severe waste of
resources. The main reasons for this include: unreasonable design of maintenance
schemes, poor construction quality of maintenance projects, and unscientific mainte-
nance management 1°/,

This study focuses on highways that have been in long-term service, where the pave-
ment structure has undergone multi-stage maintenance interventions, leading to com-
plex and diverse service behaviors 7!, By conducting long-term tracking and observa-
tion of the implementation conditions and effects of various pavement maintenance
measures, and combining analysis of influencing factors such as the full life-cycle con-
struction and maintenance history, traffic volume, road age, and pavement structure
type, this study proposes the applicable conditions for highway pavement maintenance
measures under multi-stage maintenance interventions. Furthermore, it establishes a set
of pavement maintenance countermeasures with superior performance %11,

2 Typical Maintenance Strategies

2.1  Typical Structures and Development Trends

This study is based on the pavement maintenance management work of an expressway
network (exceeding 3,000 km) in a northern province of China. It continuously col-
lected pavement technical condition inspection data, as well as basic data such as con-
struction and maintenance history and traffic volume, for nearly 12 years (from 2012
to 2023), to conduct research on the long-term performance tracking of pavements and
the applicability of maintenance measures.

Summarizing the history of highway construction in China, it is found that the thick-
ness of asphalt concrete layers in newly constructed pavements has gradually increased.
In the 1980s and 1990s, a three-layer pavement structure with a total thickness of 15cm
was commonly used. After 2010, asphalt concrete pavement structures with a thickness
of over 20cm became widespread. Regarding the base layer structure of pavements,
China has been promoting the use of semi-rigid base layers, with cement-stabilized
crushed stone and lime-fly ash stabilized crushed stone as the main material types. Es-
pecially after 2010, both the base layer and subbase layer structures have adopted
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cement-stabilized crushed stone materials. Typical pavement structures and develop-
ment trends are shown in Fig.1 below.

4cm fine-grained asphalt concrete

4cm fine-grained asphalt concrete

4cm fine-grained asphalt concrete

Scm medium-grained asphalt
concrete

5/6cm medium-grained asphalt
concrete

6cm medium-grained asphalt
concrete

6cm coarse-grained asphalt concrete

6~10cm coarse-grained asphalt
concrete

10/12cm Asphalt Stabilized Crushed
Stone

15-20cm cement stabilized crushed
stone

cement stabilized crushed stone

cement stabilized crushed stone

18-20cm cement stabilized crushed
stone or gravel

cement stabilized crushed stone

cement stabilized crushed stone

18-20cm lime-fly ash stabilized soil
or lime-fly ash crushed stone

fly ash crushed stone

lime-fly ash stabilized soil or lime-

cement stabilized crushed stone

Before 1999 2000-2009

Fig. 1. Pavement Structure Types and Development Trends of Expressways in Typical Prov-
inces of China

after 2010

2.2 Typical Maintenance Strategies

(1) Direct Overlay and Structural Reinforcement

During the operation and maintenance process within the life cycle, the first two
maintenance measures primarily focused on overlaying, increasing the total thickness
of the asphalt surface layer to enhance structural bearing capacity and service life. How-
ever, due to limitations in pavement elevation and requirements for optimizing struc-
tural combinations, after a certain degree of pavement thickening, the maintenance
measures shifted to milling and overlaying as the primary approach 2, According to
statistics, the average thickness of the asphalt layer on highways currently in service in
a certain northern province's expressway network has reached 21.33cm. Additionally,
for routes that opened to traffic before 2000 (with a current asphalt layer thickness of
23.69 cm and an original asphalt layer thickness of 15.82 cm), the average increase in
asphalt layer thickness is 49.75%. For routes that opened between 2000 and 2010 (with
a current asphalt layer thickness of 20.92 cm and an original asphalt layer thickness of
17.16 cm), the average increase is 21.91%. For routes that opened after 2010 (with a
current asphalt layer thickness of 21.78 cm and an original asphalt layer thickness of
21.71 cm), the average increase is only 0.32%.

(2) Typical Maintenance Measures

A summary of the implementation of highway pavement maintenance projects
across the province over the past 12 years reveals that the overlay of 4cm fine-grained
asphalt concrete (4cm AC-13) is the most typical functional rehabilitation measure. It
accounts for 32.70% of the total mileage of all corrective maintenance projects imple-
mented (the total mileage of corrective maintenance measures is 5490.466km, with 4cm
AC-13 accounting for 1795.334km). The 1ecm MS-3 micro-surfacing (with 369.616km
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of lem MS-3 micro-surfacing and a total pre-maintenance mileage of 866.034km) is
the most typical preventative maintenance measure, accounting for 42.68% of the mile-
age of all preventative maintenance projects implemented.

(3) Typical Maintenance Cycle

After reviewing the implementation timings of pavement maintenance projects
across the province's highway network and compiling statistics on the typical pavement
maintenance cycles of current highways, it was found that for newly constructed high-
ways, the first pavement maintenance project is generally carried out approximately 5
to 10 years after completion. The higher the traffic volume grade, the shorter the service
life of the pavement structure. The timing for the second pavement maintenance project
typically falls within 4 to 6 years after the first maintenance project, with traffic volume
having a less significant impact on the timing of the second maintenance.

3 Implementation Effect of Maintenance Measures

3.1 Service Life of Maintenance Measures

’ ® Medium and ? ® Medium and
below below
3 7.5
0 700 137
] ® Heavy traffic u Heavy traffic
0 6 6
o B .
if Extremely
heavy traffic

program (per year)

5
Extremely
heavy traffic
T 3
g
ES
Q

Fig. 2. Service life of highway maintenance measures
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After statistical analysis of highway maintenance measures across the province, the
main maintenance measures were found to be as shown in Figure 2. By tracking the
implementation effects of various pavement maintenance projects following the com-
pletion and opening of highways, it has been found that the service life of a 4cm AC-
13 overlay is approximately 4.84 years, with traffic volume having a insignificant im-
pact on it; a 4cm SMA-13 overlay is mainly used on heavily trafficked road segments
and has a service life of about 6.27 years, with an average service life that is 1.43 years
longer than that of the 4cm AC-13 overlay; the implementation effect of in-place hot
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recycling is similar to that of the 4cm AC-13 overlay and is mainly used on road seg-
ments with moderate or lower traffic volumes; a 2.5cm SMA-10 thin overlay has good
performance when used on heavily trafficked road segments, with an average service
life of 6 years; the service life of micro-surfacing is approximately | year; sand fog seal
is mainly applied to road segments with moderate or lower traffic volumes, with an
average service life of about 2.17 years.

3.2  Laws of Performance Change Over Time

Track the changes in pavement technical condition indicators before and after the im-
plementation of various pavement maintenance measures on representative road seg-
ments, and summarize the optimal maintenance timing and maintenance schemes with
the best application effects, as shown in Figure 3.
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Fig. 3. Laws of Performance Change Over Time

As shown in the above graph, after applying the 4cm AC-13 maintenance measure,
the PCI index decreases slowly. The decay rate of the PCI index for road segments that
were in poor and good condition before maintenance is relatively similar, indicating
that 4cm AC-13 maintenance can be performed when the PCI index is around 60 and
the road condition is poor, in order to improve economic benefits. For road segments
that were in good condition before maintenance, the PCI index does not decay signifi-
cantly after applying 4cm SMA-13 maintenance, and the road condition can be main-
tained at a high level for several years. After applying micro-surfacing maintenance
measures, there is no significant improvement in the PCI index, indicating that the
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effect of micro-surfacing maintenance is not obvious when the road condition is already
high. However, after applying 4cm AC-13 overlay maintenance, the PCI index in-
creases significantly but then drops rapidly. After applying 4cm SAC-13 rubber asphalt
concrete maintenance on road segments that were in good condition, the PCI index
returns to its pre-maintenance level after approximately four years.

4 Collection of Maintenance Strategies

Through the aforementioned research, the project team has concluded that the com-
monly used maintenance measures for highways are milling and repaving, as well as
direct overlay. The service life of these maintenance measures is related to both the
road condition before maintenance and the traffic volume. When the maintenance
measure involves milling and repaving, the impact of road condition and traffic volume
on the service life of the pavement is relatively minor. However, in the case of direct
overlay, different traffic volume levels have a significant influence on the service life
of the pavement.

For pavements that adopt direct overlay measures, when the road condition is poor,
pavements subjected to heavy traffic have a longer service life compared to those sub-
jected to light traffic. The analysis indicates that this is because both traffic levels have
pavements with the same Pavement Condition Index (PCI) grade. However, pavements
with heavy traffic continuously endure larger loads, while those with light traffic expe-
rience less pressure. This demonstrates that pavements with heavy traffic have better
structural strength. By directly overlaying an additional layer of asphalt concrete on this
basis, the strength of the original structural layer can be increased, thereby extending
the service life of the pavement. Conversely, pavements with light traffic have rela-
tively poorer structural strength, and adopting the direct overlay maintenance method
does not produce a significant positive impact on the pavement structure.

For pavements that adopt milling and repaving measures, when the road condition
is poor, pavements subjected to heavy traffic have a shorter service life compared to
those subjected to light traffic. This indicates that the milling and repaving method can
enhance the pavement's structural strength to a certain extent at its root. After repaving
the structural layer, the service life of the pavement basically has a negative correlation
with traffic loading. In addition, for both maintenance methods, the service life is gen-
erally positively correlated with the road condition before maintenance.

In summary, the direct overlay measure is suitable for heavy traffic pavements with
good structural strength, as it can extend the overall service life of the pavement by
increasing the strength of the newly overlaid layer. However, for light traffic pavements
with poor structural strength, the effect of direct overlay is limited. The milling and
repaving measure can enhance the pavement's structural strength at its root, but it re-
quires reassessment of the damage degree of the original pavement and the design of
the structural layer after repaving. For pavements with particularly heavy traffic loads,
more frequent maintenance and repairs may be required. Additionally, starting mainte-
nance when the road condition is good can extend the pavement's serviceable life. In
practical applications, the selection of appropriate maintenance measures should be
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based on comprehensive considerations of factors such as the specific condition of the
pavement, traffic loads, and maintenance budgets. Meanwhile, it is also necessary to
strengthen the daily monitoring and maintenance of pavements, promptly identify and
address potential issues to ensure the long-term safe use of pavements. More mainte-
nance measures and their applicable conditions are shown in Table 1.

Table 1. Collection of Maintenance Strategies

Maintenance Measures Applicable Conditions
INO.| Overlay . Service | Pavement Condition Index
Overlay Type . Traffic Conditions . .
Thickness Life Requirements (PCI/RQI)
1 | Sand fog seal -- Moderate to low traffic volume | 2 years >90/>85
Micro-surfac- Heavy to below heavy traffic vol-
2 _ 1~1.5cm Y Y 2 years >85/> 80
ing ume
Ultra-thin s
3 Wearing 1.5~2.5cm All levels of traffic volume >85/>80
ears
Course Y
. . 3~5
4 | Thin Overlay | 2.5~3.5cm All levels of traffic volume >80/>75
years
5 AC-13C dem Heavy to below heavy traffic vol-| 4~5 >80/> 80
ume years
All levels of traffic volume but 46
6 SMA-13 4~6cm with a high proportion of heavy -
ears
vehicles Y
7 Milling and Re- Abom Heavy to below heavy traffic vol-| 4~6 ~70/> 70
paving ume years
All levels of traffic volume but 5.8
8 |Direct Overlay | 4+6cm | with a high proportion of heavy >80/>80
ears
vehicles Y
Milli dR All levels of traffic volume but 5.8
illing and Re- ~
9 & . 4+6cm | with a high proportion of heavy >70/>70
paving . years
vehicles
Milli dR All levels of traffic volume but 5.8
illing and Re- ~
10 £ ) 4+6+9cm | with a high proportion of heavy >60/>60
paving years

vehicles

5 Conclusions

Most existing research has concentrated on the analysis of single maintenance measures
or short-term maintenance effects, whereas this study conducted an in-depth explora-
tion of the technical applicability of expressway pavement maintenance measures under
multi-stage maintenance conditions, based on a 12-year tracking and analysis of pave-
ment maintenance management data from an expressway network exceeding 3,000 kil-
ometers in a northern province of China. By systematically collecting key data such as
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traffic volume, construction and maintenance history, and pavement technical condi-
tion, combined with long-term tracking observations of pavement performance, the
study revealed the implementation effects and influencing factors of different mainte-
nance measures under various conditions.

The study first summarized the typical characteristics and development trends of
China's expressway pavement structure and maintenance strategies, clarifying the main
measures for expressway pavement maintenance and their proportional distribution.
Through in-depth analysis of the service life and performance variation patterns of typ-
ical maintenance measures, the study revealed the applicability of different mainte-
nance measures under varying traffic volumes, pavement structure types, and mainte-
nance timings. On this basis, the study proposed a set of maintenance countermeasures
for expressway pavements under multi-stage maintenance conditions, providing theo-
retical support and technical guidance for scientifically formulating maintenance plans
and optimizing the allocation of maintenance resources.

The findings of this study not only contribute to improving the level of expressway
pavement maintenance management, extending pavement service life, and reducing
maintenance costs, but also hold significant importance for promoting the sustainable
development of expressway pavements in China. Despite the significant progress made
in this study regarding the technical applicability of highway pavement maintenance
measures under multi-stage maintenance conditions, there are still certain limitations.
For instance, the data in this study mainly originate from the highway network of a
certain province in northern China, which may not fully represent the maintenance sit-
uation of highways nationwide. In addition, since the implementation effects of mainte-
nance measures are influenced by multiple factors, this study may not have fully con-
sidered all relevant factors when exploring the applicability of maintenance measures.
Therefore, in future research, it is necessary to further expand the data sources and
comprehensively consider more influencing factors to further improve the accuracy and
universality of the research.
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