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Abstract

Cold central-plant recycling (CCPR) is a technical method for the repair and maintenance of old asphalt pavement.
However, this method lacks a complete evaluation system. In this study, various influencing factors were investigated
and analyzed to establish a comprehensive and systematic evaluation system for CCPR pavement. A full-life staged
evaluation system for CCPR pavement was established from perspectives of old pavement investigation and design,
construction technology, management, and pavement performance and benefits. This evaluation system covered 5 level-1
indexes, 19 level-2 indexes, and 30 level-3 indexes, which were introduced in the present study. Weights of different
indexes were determined by combining various evaluation methods, such as improved analytic hierarchy process and
fuzzy comprehensive evaluation, and mutual influences of indexes. The CCPR pavement was evaluated based on the
G316 repair and maintenance projects in Hanzhong of Shaanxi Province of China in 2017. Results demonstrate that the
performance and benefits of CCPR pavement have the highest weight. Three level-1 indexes, namely, old pavement
investigation and design, construction technology, and pavement performance, are evaluated to be good, while benefits
and management are excellent. The overall evaluation score is 84.8, and the overall grade is good. The evaluation results
conform to practical engineering situations. The proposed evaluation system can provide references to evaluate CCPR
pavement.

Keywords: Pavement engineering, Cold central-plant recycling, Full-life analysis, Post-evaluation system, Improved AHP, Fuzzy

comprehensive evaluation

1. Introduction

Highway engineering has achieved considerable
developments with large-scale highway constructions in
China. The total mileage of highway maintenance and old
pavement failure increases yearly. Due to low technological
level and poor quality control in early highway construction,
increased traffic volume, and serious overspeed and
overload phenomena, asphalt pavements constructed in the
early period have been damaged, as manifested by ruts,
cracks, and loose structures. Some pavements even have lost
usability of highways [1-3]. Many mileages of pavements
are currently facing repair or reconstruction. Therefore,
strengthening old asphalt pavement recycling and
constructing sustainable pavements are of considerable
importance.

Cold central-plant recycling (CCPR) mills the entire old
pavement through a milling machine and then recycles
asphalt pavement materials in a mixing plant to facilitate
their combination with a proportion of new aggregates and
active fillers under room temperature after crushing and
screening. The new mixture is then paved into the structural
layer of pavements. Compared with new traditional
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pavement, CCPR can recycle and use the waste pavement
mixture to the maximum extent. This technology increases
resource utilization level of waste materials and maintains
good pavement performance [4]. Mixture milling requires no
heating, which can effectively reduce greenhouse gas
emission and decrease environmental pollution. Owing to
short construction periods, cold recycling technology can
effectively reduce and increase engineering cost and benefits,
respectively. Thus, this technology shows good social
benefits.

Considering structural performance and sustainability of
pavement, cold recycling technology mills the original
pavement and then recycles the old asphalt materials for
pavement base and subbase layers. Characteristics of the
mixture are conducive to the reduction of bottom-up
reflection cracks caused by cracking of base and subbase
layers. According to relevant studies, the cold recycling
mixing base has longer fatigue life, smaller fatigue injury,
and stronger resistance to fatigue failure compared with
those of traditional semi-rigid base materials. The mixture of
milling materials and additives shows strong resistance to
thermal and dry shrinkage [5-6]. The cold recycling mixture
that uses cement as additives has relatively low rigidity
modulus and resistance to repeated loads but has strong
resistance to permanent deformation. The thermal sensitivity
and viscous response of the recycling mixture are lowered
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due to the existence of cement bond [7]. Based on the
aforementioned characteristics, the cold recycling mixture
presents good structural and mechanical properties as the
pavement base. Moreover, the net present value of cold
recycling pavement is smaller than that of traditionally new
pavement, showing some economic advantages. Repair and
maintenance of old asphalt pavement based on cold
recycling technology can protect the environment, save costs,
and prolong the service life of old pavements.

Given that highway engineering is influenced by many
factors (e.g., design, construction technology, and
environment), some recycling highway projects fail to reach
the expected effect. Post-evaluation of highway projects is
not only beneficial for the summary of experiences and
proposed suggestions but also improves effects, benefits, and
influences of projects. On this basis, a comprehensive and
systematic  post-evaluation system was established.
Combined with comprehensive evaluation methods, a
systematic objective evaluation analysis of CCPR projects
was conducted. This study aims to summarize the
advantages and disadvantages in the construction of CCPR
highway projects to promote the development of recycling
technology.

2. State of the art

As a repair and maintenance technological mean, CCPR is
characteristic of short construction period, high utilization of
old mixing materials, and good environmental and economic
effects. Nevertheless, the evaluation system of CCPR has
only started. Many scholars have studied relevant indexes
and evaluation methods of recycling technology. Based on
analyses of lifecycle and lifecycle cost, Li et al. [8] found
that most recycled solid wastes performed well in highway
pavements from the perspective of economic and
environmental effects. The use of recycled solid wastes
decreased energy consumption and lowered greenhouse gas
emission and cost. Luo et al. [9] analyzed and quantized the
long-term field aging of recycled asphalt pavement (RAP)
coverage layer based on falling weight deflectometer and
climatic data. They found that RAP mixture has the highest
aging activation energy and the lowest aging rate. They also
concluded that thick mixture ages more slowly than thin
mixture, while mixture on the rolling pavement ages more
slowly than non-rolled mixture. Sultan et al. [10] evaluated
mechanical and structural characteristics of recycled asphalt
mixture through a lifecycle cost analysis and found that low
cement percentage could improve structural characteristics
of recycled asphalt materials. The use of recycled asphalt
materials in pavement base not only provides substantial
contributions to environmental and natural resource
protection but also save considerable construction cost. Wu
et al. [11] observed microstructures of recycled pavement
materials and suggested using the California bearing ratio
and crushing value to evaluate material performances of
cement-stabilized recycled pavement. Their results
demonstrated that the performance of recycling mixture can
meet requirements of asphalt pavement base and subbase
layers. Yu et al. [12] analyzed weights of evaluation indexes
of hot central-plant recycling based on the analytic hierarchy
process (AHP) and concluded that pavement performance is
the primary influencing factor of the technology. Evaluation
indexes of highway technology and their weights were
determined according to relevant codes [13]. Six evaluation
indexes, including pavement quality index, pavement
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condition index, riding quality index, rutting depth index,
skidding resistance index, and pavement structural strength
index, were proposed. However, CCPR mixtures are mainly
applied to base and subbase layers. The proposed evaluation
indexes have poor target performance.

Tabakovic et al. [14] evaluated a series of recycling
programs. They found that the combination of cold recycling
technology and additives can prolong service life, increase
economic benefit, and reduce energy consumption. The
importance of preliminary investigation was also introduced.
Kim et al. [15] tested dynamic modulus and repeated loads
of cold recycling mixture and found that performance
characteristics of recycling mixture were influenced by its
asphalt content, temperature, and loads. Xiao et al. [16]
discussed high- and low-temperature performance grades,
energy consumption, and greenhouse gas emission of
recycled asphalt mixture. They indicated that the content of
aging binder in recycling asphalt mixture could affect energy
consumption, greenhouse gas emission, and cost reduction.

Most of these studies apply pavement performance and
environmental and economic effects as evaluation indexes,
but none of these studies considered influences of factors
during highway construction on pavement functions.
Currently, studies on evaluation systems of recycling
pavement are few, and the evaluation index system lacks
complete processes and global characteristics [17-18].
Owing to the characteristics of long duration and multiple
influencing factors of highway construction, different factors
affect each other, and distinguishing primary from secondary
factors is difficult. Previous work may considerably
influence future work. On this basis, a full-process
comprehensive evaluation system from the beginning of
construction to the late operation was constructed in this
study. This evaluation system covers factors concerning
implementation, benefits, effects, and influences of projects.
Based on the evaluation index system, the cold recycling
technology, which is influenced by multiple factors, is
comprehensively evaluated by combining the improved
AHP and fuzzy comprehensive evaluation [19-20]. This
method is conducted to analyze the causes of failure,
summarize experiences, and provide references for the
evaluation of similar engineering construction in the future.

The remainder of this study is organized as follows.
Section 3 introduces the principle to establish evaluation
indexes and relevant evaluation methods. Section 4 proposes
the evaluation system of CCPR technology for old asphalt
pavement and analyzes results. Conclusions are summarized
in section 5.

3. Methodology

3.1 Principle of establishing evaluation indexes
Combining with characteristics of CCPR, the principles used
to establish the index system and hierarchical model are
introduced as follows.

(1) Principle of practicality: the selected evaluation index
shall be able to reflect construction quality and benefits of
CCPR practically.

(2) Hierarchy: indexes in the same hierarchy are
compared, and the low-level indexes serve for the superior
indexes.

(3) Comprehensiveness and systematicness: indexes
shall comprehensively reflect the characteristics and
influences of the CCPR technology and provide references
to the extensive evaluation.
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(4) Operation and feedback principle: all selected
indexes shall be able to make effective measurement or
statistics. They shall feedback problems in project
production.

3.2 Evaluation method

Given that indexes in the evaluation system have mutual
influence, the weights of different indexes were calculated
by combining the improved AHP. Membership of evaluation
factors was determined by fuzzy evaluation theory.
Moreover, a judgment matrix was constructed and fuzzy
operation was implemented to obtain the fuzzy
comprehensive evaluation results.

3.2.1 Evaluation factor set
U ={u1,u2,--~,un} reflects »n indexes in the evaluation

system of the CCPR technology, where the value of n is
determined by a specific system and is the number of
evaluation indexes. Each level of indexes is determined by
m secondary indexes, that is, u, = {u,, 1, --,u,,} -

>%im

3.2.2 Establishment of alternative set

The alternative set is ¥ ={v,v,,---,v,} . The pavement

evaluation grades in the CCPR include excellent, good,
moderate, relatively poor, and poor. The corresponding
alternative setis V :{ 100, 80, 60, 40, 20 } .

3.2.3 Scoring of evaluation factors

Indexes in the evaluation system can be divided into
qualitative discrete indexes and quantitative continuous
indexes [21]. Qualitative discrete indexes are scored by
experts, while quantitative continuous indexes are scored
according to qualification rate of the test (or calculated)
indexes and completion degree of goal. Scores of
quantitative continuous indexes might be proportional or
negatively proportional to test values (or calculated values)

(Fig. 1).
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Fig. 1. Quantitative continuous indexes

3.2.4 Membership function of indexes
Membership function of the evaluation indexes can be
constructed based on the lifting half trapezoid method.

The membership function of evaluation index score (x )

to v,,, inthe alternative set is:

X—=V
&

EV (<xsm)

Vi Vi

r(x)= )

0 (x<v,orx>v,,)

The membership function of evaluation index score ( x )
to v, in the alternative set is:
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Yin =X (Vk <x<v, )
+1
r(X) =3 Vi =V ()
0 (x<vyorx>v,,)

3.2.5 Weight analysis of evaluation indexes

Qualitative and quantitative analyses can be effectively
combined by the improved AHP [22-23], which assures
systematicness, reasonability, and reliability of the model.

Such a combination decreases the disadvantages of
traditional AHP, such as complicated calculations.
(1) Construction of a judgment matrix
0 i has less influence than j
k; =41 iand jhave the same degree of influence 3)
2 i has greater influence than j
where i, j are influencing factors.
The judgment matrix formula is:
L (r>1)
a; =41 (r=r) 4)
1/ (r=r) (<r)
;/; = k!h ;r/ :zk/'h (5)

where g, is the element of the judgment matrix, 7, r, are

indexes of importance indexes, and » is the number of
orders in a matrix.

(2) Optimization of judgment matrix

The original matrix is optimized, and a new matrix can
be obtained as follows: B=(h,)

n n
by =4 H“ij : Haif
i=1 j=1

(3) Weights of evaluation indexes
Weights of evaluation indexes can
according to the following equation:

nxn *

(6)

be calculated

W, = ,,/Hb,j (7)
j=1
which is normalized as:
W, = (i =1,2,,n) ®)

[ —

wa
i=l1

where w, is the normalized weight of element i, and n is

the number of indexes.

3.3 Fuzzy comprehensive evaluation model
The relation matrix ( p ) between evaluation indexes and the

alternative set is:
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v, v,
p=| P Py ©)
u; Pp by
where p, is the membership of u, to v, .
The comprehensive evaluation result is:
Y= ’_(-éwl. ® p, (10)

The evaluation grade generally applies the maximum
membership degree. However, this method cannot consider
all membership information. Thus, evaluation results can be
further verified by the asymmetric closeness method [24]:

N(P,D,)= ngjzx{N(P,Dj)}

m 1k

NPD) =123 )= 1, (1) or (an

ok

2 m
N(P,D)) _1—m;

,ucp(vk) - ;ugj (Vk)

On this basis, the final evaluation results are obtained.

3.3.1 Level-3 evaluation indexes
Level-3 indexes p; and w; can be calculated as follows:

Wy = (W1 Wyaot s W)
P,;,-n pi/lS

b=\ : (12)
DPijn Pk

Py =W, Py

where 17,/ is evaluation results of level-3 indexes.

3.3.2 Level-2 evaluation indexes
Based on ;U , weight vector (w,) and relation matrix ( p, )

of level-2 evaluation indexes can be calculated as follows:

W :(WmWiz’""Wy‘)

p,‘:(p_[]ap_[za'“a;[j)r (13)

b =wp;
where p is the evaluation results of level-2 indexes.

3.3.3 Level-1 evaluation indexes
Similarly, the weight ( w) and relation matrix ( p) of level-1

evaluation indexes can be obtained as follows:

W:(Wl,Wz,'“,Wi)

=00 (14)

Y=wp
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3.3.4 Comprehensive scores

The calculation formula of comprehensive score is:

Z:YVT:(yl7y27y3’y4>y5)(v1’Vz,v3’v4’vs)r (15)

4. Result Analysis and Discussion

In this study, a case study of maintenance and repair of
G316 in Hanzhong, Shaanxi Province of China, in 2017 was
conducted. According to the project design, CCPR was
applied to base construction in the K2073 + 000-K2079 +
810 and K2080 + 240-K2084 + 386 sections. A
comprehensive post-evaluation of the project was performed
based on the constructed evaluation system by combining
the weight vector determination method and fuzzy
comprehensive judgment matrix.

4.1 Analysis of evaluation indexes

Quality and benefits of highway projects are formed in all
stages throughout the service life. The final project quality is
not only formed in one stage but is determined by the entire
production process. A comprehensive evaluation requires
not only post-evaluations of constructed pavement quality
and benefits but also assessments of all stages in the entire
construction process. The comprehensive evaluation process
refers to the evaluation from design and construction to
formation, implementation, and service of the entire project.
In this study, an evaluation system from the beginning of
construction to late management was proposed for full-life
comprehensive evaluation, with extensive considerations to
all production stages of the project. Based on summary
analysis and consultation of experts, the post-evaluation
content was divided into five types of indexes: old pavement
investigation and pavement design (hereinafter referred as
investigation & design), construction technology, pavement
performance, management, and benefits. The evaluation
process is shown in Fig. 2.

Old
pavement

investigatio

A

Pavement

failure Design stage

Old pavement
recycling

=

Operation
stage

Fig. 2. Full-life evaluation process of old pavement recycling

4.1.1 Investigation & design

CCPR is an asphalt pavement recycling technology that
constructs the structural layer of pavement under room
temperature. In constructing recycled asphalt pavement, the
construction shall be designed according to historical
information of highway grade, traffic volume, and the
original pavement. The post-evaluation indexes of
investigation & design were divided into four parts.

(1) The main evaluation reference of existing pavement
investigation is whether comprehensiveness of the original
pavement investigation and investigation items are targeted
at design demands and complete degree of disease
processing.
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(2) Project design indicates whether the recycling project
meets the type of original pavement disease. Late
observation is used to determine whether the original
program satisfies technological and economic requirements.

(3) Thickness design. Given that thickness of the base is
the main influencing factor of pavement structures,
pavement thickness can simultaneously reflect deflection
value of pavement design and bottom layer tensile stress.
Moreover, thick layers can protect bases from damages and
reduce reflection cracks. However, excessively thick
pavement cannot meet economic effects. Hence,
reasonability of design thickness shall be evaluated by the
late pavement performance. The design and evaluation of
thickness require a comprehensive consideration to
requirements on advanced technologies, safety and
reliability, applicability and duration, reasonability, and
economic efficiency. Thickness design is a qualitative index.

(4) Material design. This index is evaluated by type and
gradation of additives. Pavement material is the main
influencing factor of pavement performance, while
pavement performance and service life are influenced by
pavement materials. Hence, reasonability of material design
shall be evaluated by late pavement performance.

4.1.2 Construction technology

Construction technology influences the engineering quality
and project schedule. A good construction technology can
increase pavement performance and benefits of highways. In
this study, influencing factors were divided into four classes,
including milling material quality, aggregate mixing,
transportation, and paving and rolling.

(1) Milling material quality is sensitive to many factors.
Milling speed, grain size, and temperature were chosen in
the present study. The three indexes have a mutual influence.
Milling speed and temperature determine the grain size of
old asphalt mixture. Hence, milling technology and material
quality shall be comprehensively evaluated.

(2) Aggregate mixing level determines the quality of
mixing materials. This mixing level is determined by three
evaluation factors, including control level of mixing station,
aggregate output, and mixing ratio.

(3) Transport of mixing material is related to the
efficiency of construction procedure and evaluated by
transport time. If the waiting time is extremely long, then the
quality of mixing materials will deteriorate. Slow transport
may delay the construction schedule, and reasonable
arrangement of transport schedule is necessary.

(4) Paving and rolling are evaluated according to paving
speed and compaction degree (thickness).

4.1.3 Pavement performance

In the CCPR technology, the old pavement is milled as
pavement base or subbase. Structural and mechanical
properties of pavement are different from those of traditional
semi-rigid base due to the existence of old asphalt mixing
materials. After some years of service, structural and
mechanical properties of pavement decline due to changing
environments, such as freezing-thawing cycle and rainfall
infiltration. Performance indexes of pavement base directly
influence the overall use of pavement. For example,
reflection cracks are easily produced in the pavement, and
the service life of pavements is shortened due to the
presence of low bottom layer tensile stress. Post-evaluation
of pavement must consider deflection value, strength, and
deformation under influences of multiple conditions.
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(1) Deflection index. Deflection value represents the
vertical displacement of pavement structure under loads and
reflects the overall rigidity of pavement structure, that is,
rigidity of the surface and base layers.

(2) Strength performance. Old milling materials are used
as the pavement base, and strength changes in the pavement
base after a certain period are observed. Based on
measurements, compressive and splitting strengths of
materials conform to the required proportion in the code.
Both were used to evaluate the strength performance of old
asphalt mixing materials as pavement base.

(3) Deformation performance. Pavement deformation
directly influences driving comfort and safety. This factor
cannot be neglected in the post-evaluation of recycled
pavement. Pavement deformation is mainly manifested by
ruts and cracks. Fewer ruts and cracks result in improved
pavement deformation.

4.1.4 Management level

Construction management is an overall project. Management
level or quality often influences the entire engineering field.
Management might be explicit or fuzzy and inexplicit. In
this study, construction management was divided into five
influencing factors, namely, material, personnel, machine,
safety, and traffic.

(1) Material management. This factor is evaluated by
storage site and conditions of milling materials and new
aggregates from old asphalt pavement. The storage site can
influence the transport distance and time of materials.
Storage conditions can also affect changes in material
properties. Rainfall can increase moisture content in
materials without coverage.

(2) Personnel management. This factor is divided into
technological level and quality of construction workers.
Although personnel management is ambiguous, it can
directly influence management and project qualities.

(3) Machine management. Conditions, models, and
cooperation of machines determine the final construction
quality.

(4) Safety management. Life and property safety of
humans is the most important among project priorities.
Safety management of the project cannot be neglected.

(5) Traffic management. Traffic jam during repair and
maintenance due to old pavements is inevitable. Effective
traffic management is beneficial to relieve traffic jam and
accidents. Evaluation of traffic management is mainly based
on traffic jam duration.

4.1.5 Benefits

As a repair and maintenance mean of highway projects, cold
recycling technology can effectively protect the environment
and save resources. This technology is conducive to saving
engineering construction costs. Benefits of CCPR pavement
were analyzed from social, economic, and environmental
aspects.

(1) Social benefits. The cold recycling technology can
effectively shorten construction schedule and closing hours
and create new employment posts.

(2) Economic benefits. The cold recycling base saves
consumption of new aggregate and cost for materials due to
the large-scale use of recycled asphalt pavement materials.
Thus, outstanding economic benefits are obtained.

(3) Environmental benefits. Recycled use of asphalt
pavement wastes in cold recycling technology relieves
environmental pollution and decreases the exploitation of
new aggregates. Thus, good environmental benefits are
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attained.
Table 1. Evaluation system

Level-1 indexes Level-2 indexes Level-3 indexes
Investigation & design u, Old pavement investigation u,, - Qualitative
Program selection u,, - Qualitative
Thickness design Base thickness U5, Qualitative
Surface thickness 5, Qualitative
Material design u,, Type of additives u,,, Qualitative
Gradation of materials u,,, Qualitative
Construction technology u, Milling u,, Depth u,,, Quantitative
Grain size Uy, Quantitative
Temperature U, Quantitative
Aggregate mixing U, Mixing plant control u,,, Qualitative
Mixture yield #,,, Quantitative
Mixing ratio Uy, Quantitative
Transportation ,, Transportation time ,5, Quantitative
Paving and rolling u,, Paving speed u,,, Quantitative
Compaction degree (thickness) U, Quantitative
Pavement performance i, Deflection 5, - Quantitative
Strength u;, Compressive strength iy, Quantitative
Splitting strength u;,, Quantitative
Deformation 45 Rut depth 55, Quantitative
Fatigue cracking uy;, Quantitative
Management level u, Material management Storage site iy, Qualitative
Storage condition u,,, Qualitative
Personnel management u,, Qualification ,,, Quantitative
Technological level Uy, Quantitative
Machine management ,, Model and cooperation u,;, Qualitative
Safety management u,, Incidence of traffic accidents ,,, Quantitative
Traffic management 1, Traffic jam Quantitative
Benefits u Social benefits s, Create new employment posts iy, Quantitative
Shorten closing hours ), Quantitative
Economic benefits s, Save time cost Us, Quantitative
Save construction cost Usy, Quantitative
Environmental benefits s, Energy consumption and greenhouse gas emission sy, Quantitative
Dosage of old asphalt mixture s, Quantitative

Given that highway construction is time-consuming, the
benefits of highway construction are affected by various
factors in early construction. Although recycling technology
generally shows good benefits, this technology is still
indispensable to post-evaluation. Thus, post-evaluation is
conducive to the summary of experiences and increased
benefits.

Based on the analysis of the aforementioned indexes, the
post-evaluation system of the CCPR technology is shown in
Table 1.

In Table 1, level-1 index u, considers all stages from the

beginning to the operation of CCPR projects. Level-2 index

u,, includes various factors that influence scoring of level-1
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indexes. Level-3 indexes are the evaluation factors below
level-2 indexes.

4.2 Weights of indexes

Based on the aforementioned method, weights of indexes
were calculated according to Equations (3-8), and the results
are shown in Table 2.

Table 2 shows that weights of design indexes are higher
than those of investigation indexes. Weights of aggregate
processing and construction are high in construction
technology. Weights of level-2 indexes of pavement
performance are equal, indicating that pavement strength
and deformation can considerably influence pavement
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performance. Management level is mostly influenced by
managers. Moreover, safety factors cannot be neglected.
Economic and environmental benefits of CCPR technology

Table 2. Weights of indexes

are slightly higher than social benefits. However, various
benefits facilitate each other.

wy, =(0.373,0.627)
w,, =(0.5,0.5)

Weights of level-3 indexes

Wy, =(0.571,0.286,0.143) w,, = (0.142, 0.429, 0.429) w,, =(0.5,0.5)
wy, =(0.5,0.5) wy, =(0.5,0.5)
w,, =(0.5,0.5) w,, =(0.5,0.5)
wy, =(0.5,0.5) wy, =(0.373,0.627) w,, =(0.373,0.627)

Weights of level-2 indexes wy =(0.33,0.33,0.33)

ws =(0.142,0.429,0.429)

w, =(0.076, 0.308, 0.308, 0.308)
w, =(0.382,0.238,0.077, 0.304)

w, =(0.143,0.205, 0.170, 0.323, 0.159)

Weights of level-1 indexes

w=(0.068,0.068, 0.342, 0.180, 0.342)

4.3 Level-3 evaluation results

Level-3 evaluation results of CCPR technology were
obtained (Table 3) based on the evaluation system model
and Equation (12).

Table 3. Level-3 evaluation results

Level-1 indexes Level-2 indexes

Level-3 indexes

Old pavement investigation
Program selection

Investigation & design ) )
Thickness design

Material design

p=(0.45,0.55,0,0,0)
2=(0,1,0,0,0)

P =w;p, =(0.625,0.375,0,0,0)
P =w,p,, =(0.407,0.593,0,0,0)

Milling

Aggregate mixing
Construction technology
Transportation

Paving and rolling

P =wy,py =(0.0715,0.857,0.0715,0,0)
P =wy,p,, =(0.543,0.457, 0,0, 0)
p=(1,0,0,0,0)

P =wy,py, =(0375,0.625,0,0,0)

Note: Only calculations of investigation & design and construction technology are listed in Table 3. The calculation process of the remaining indexes

is the same.

Table 3 shows that the old pavement is evaluated good
by an investigation, and the maximum membership degree is
0.55. Thickness design is evaluated excellent and material
design is good. In construction technology, milling and
paving and rolling are good. Mixing and transportation are
evaluated excellent.

4.4 Level-2 evaluation results
Level-2 evaluation results of CCPR technology were
obtained (Table 4) based on Equation (13).

Table 4. Level-2 evaluation results

Level-1 indexes Level-2 indexes

Investigation & design ; =w,p, =(0.66,0.34,0,0,0)

Construction technology ; =w,p, = (0.348, 0.626, 0.027, 0, 0)

Pavement performance ; =w,p, = (0,0.652,0.348,0, 0)

Management level P=w,p, =(0.505,0.285,0.21,0,0)

Benefits

P =w,p, =(0.69,0.3,0.01,0, 0)

Table 4 shows that investigation & design is generally
evaluated excellent. Construction technology is good, and its
maximum membership degree is 0.626. The membership
degree of construction technology to “moderate” is 0.027,
indicating that some factors must be improved in
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construction technology. Pavement performance is good,
and the maximum membership degree is 0.652. The
membership degree of pavement performance to “moderate”
is 0.348, which is related to the sensitivity of CCPR
pavement to natural and traffic load changes in the late
stage. Pavement performance deteriorates to some extent
with time. The management level is evaluated excellent.
However, certain proportions of “good” and “moderate”
evaluation results are obtained in management due to
fuzziness. This finding indicates some space for the
improvement of management level. Benefits are evaluated
“excellent” and membership degree is high, indicating that
social and economic benefits of the CCPR technology are
evident. CCPR technology has considerable advantages in
environmental protection and energy-saving.

4.5 Level-1 evaluation results

Level-1 evaluation results of CCPR technology were
obtained based on Equation (14), and the results are shown
in Table 5.

Table 5 shows that the CCPR technology is
comprehensively evaluated good, and the membership
degree to “excellent” is 0.4. This result accounts for a large
proportion, indicating that the evaluation grade of the project
has an upward trend. The overall evaluation is good.
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Table 5. Level-1 evaluation results

Table 6. Scoring results

Comprehensive evaluation

4.6 Comprehensive evaluation
Evaluation results were analyzed by the asymmetric
closeness method based on Equation (11). Information in

p; was comprehensively considered. Finally, results are

found to be consistent with the fuzzy comprehensive
judgment results. The calculated results (maximum) of the
asymmetric closeness method are shown as follows:

N(R.,D,)=0815
N(P,,D,)=0.748
N(P,D,)=0.741
N(P,,D,)=0.682
N(P,D,)=0.785
N(P,D,)=0.662

Combining with the calculation formula (15), scores and
comprehensive scores of level-1 indexes were calculated
(Table 6).

Table 7. Analysis of results

Level-1 evaluation results Type of indexes Scores
; =wp =(0.4,0.44,0.16,0,0) Investigation & design 93.2
Construction technology 86.5
Level-1 indexes Pavement performance 73.04
Management level 83.8
Benefits 93.6
Comprehensive evaluation Comprehensive scores 84.8

According to the calculation results of asymmetric
closeness method, evaluation results considering
membership degree of different evaluation grades are still
consistent with fuzzy comprehensive evaluation results. This
finding proves that fuzzy comprehensive evaluation results
are extensive. Table 6 shows that scores of construction
technology, pavement performance, and management level
are relatively low and can be considerably improved. Scores
of different indexes can reflect evaluation indexes
intuitively.

4.7 Results analysis

Evaluation results were analyzed based on construction
technology. Construction quality during the construction
process was tested according to code requirements. The
analysis of evaluation results is shown in Table 7.

Name of indexes Analysis and evaluation

Evaluation grade

Milling temperature <40 °C.

Milling Speed is controlled at 5-5.5 m/min.

Aggregate mixing

Transportation Transportation time <1.5 h.

Paving speed: 1.5-2 m/min.

Paving and rolling

proportion of ultra-large grain size (>31.5 mm) is <7%.

Mixing plant control: ultra-large grains are crushed.

The mixing equipment is adjusted to determine proportion of supply in warehouse.
The mixing ratio is good. RAP:gravel:debris = 55:30:15. Yield is supplied in time.

Local separation is observed, and the overall performance is good.
Pass rates of flatness and cross slope are 97.5% and 92%, respectively.
Compaction test has 225 points with a pass rate of 100%.

Good

Excellent

Excellent

Good

Based on the evaluation system and method, this index
score is Z, =86.5, and the maximum membership degree is

0.626. Construction technology is also good. According to
the process control of construction technology and test
results of compactness, thickness, and flatness of pavement
base, construction technology can generally satisfy code and
design requirements and conform to contrast analysis of
evaluation results.

5. Conclusions

In this study, various indexes were analyzed and discussed
through comprehensive investigation and summary to
establish a complete evaluation system of CCPR pavement.
The following major conclusions could be drawn:

(1) The evaluation process of CCPR pavement has been
determined and interpreted. Five level-1 indexes, which
include investigation & design, construction technology,
pavement performance, management, and benefits, have
been proposed. The comprehensive evaluation system of
CCPR pavement has been established.

(2) Weights of indexes have been calculated by the
improved AHP. Results indicate that pavement performance
and benefit show the highest weights. Quantitative indexes
are scored through test and calculation of pass rate (or
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completion degree), which decreases subjectivity of scoring.
Moreover, membership degrees of different indexes are
tested by asymmetric closeness method. With

comprehensive consideration to information of p, , the final

evaluation results conform to the fuzzy comprehensive
evaluation results.

(3) Based on a case study, indexes of CCPR pavement
have been considered by fuzzy comprehensive evaluation.
The evaluation results show that level-1 indexes are good or
high, and the final comprehensive score is 84.8. The
maximum membership degree is 0.44, and the evaluation
grade is good. Case study results conform well to practical
situations. Results demonstrate that the proposed evaluation
system is comprehensive and its feedback can provide
references for the evaluation of CCPR technology.

Overall, the proposed evaluation system covers the entire
process and considers the construction lifecycle and mutual
influence of indexes. The evaluation system can provide a
systematic analysis on the implementation, benefits, effects,
and influences of projects. The proposed evaluation system
lays the foundation for the assessment and analysis of CCPR
repair and maintenance. However, given that scoring of
some indexes is fuzzy and highly sensitive to subjective
factors, calculation of these indexes is still challenging.
Future studies shall strengthen investigation and analysis of
the CCPR technology, provide a perfect scoring method of
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fuzzy indexes to decrease fuzziness, and compile a computer
program for the convenience of evaluation.
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