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Full-depth reclamation with Portland cement (FDR-PC) is a promising
technology in modern pavement engineering due to its capability of achieving
deep-level treatment of pavement base layer distresses. This study aimed to
optimize the material performance of FDR-PC materials while considering
their environmental impact, developing a multi-objective optimization model
to comprehensively evaluate and optimize these aspects. Laboratory tests
were first conducted to investigate the effects of reclaimed asphalt pavement
(RAP) content and cement content on 7-day unconfined compressive strength
(UCS), indirect tensile strength (ITS), and relative compressive strength (RCS)
after freeze-thaw cycles. A comprehensive performance evaluation function
was established based on these key indicators. Subsequently, carbon emission
and energy consumption models for FDR-PC were developed using life cycle
assessment (LCA), which together formed an environmental impact function.
The non-dominated sorting genetic algorithm II (NSGA-II) was employed to
perform multi-objective optimization of the FDR-PC mix design and obtain
the Pareto front. The technique for order of preference by similarity to ideal
solution (TOPSIS) was then used to identify optimal parameter combinations
under various objective weighting scenarios. Results revealed a significant
negative correlation between material performance and environmental impact.
The parameter combinations corresponding to the non-dominated solutions
were mainly concentrated in cement content ranging from 4.8% to 6.0% and
RAP content from 20% to 34%. Parameter combinations corresponding to high
material performancewere found in regionswith RAP content below 20%, which
also corresponded to high environmental impact. According to the TOPSIS
analysis, the optimal mix under a performance-priority strategy consists of
6.0% cement and 5% RAP; the environmentally preferred mix recommends
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4.6% cement and 32% RAP; and a balanced compromise suggests 5.2% cement
and 27% RAP.

KEYWORDS

pavement rehabilitation, full-depth reclamation with Portland cement, multiobjective
optimization, pavement performance, carbon emission calculation

1 Introduction

The highway network serves as a critical lifeline for modern
socio-economic systems. As of 2023, China’s total highway mileage
has reached 5.4 million kilometers, accounting for 73.7% of national
freight transport and 92.3% of inter-regional passenger traffic. Due
to prolonged exposure to heavy truck loads, asphalt pavements
on ordinary highways are susceptible to structural deterioration,
with typical failure modes simultaneously affecting both the asphalt
surface layer and the underlying base layer.These composite damage
characteristics necessitate in-depth rehabilitation of the base layer
during major and medium rehabilitation.

Facing global resource scarcity and environmental pressures,
the sustainable development of road infrastructure has become
increasingly critical. Conventional road construction and
maintenance practices consume substantial quantities of virgin
aggregates. Furthermore, traditional rehabilitation processes
generate vast amounts of pavement waste materials, posing
significant environmental disposal challenges.Therefore, innovation
in road maintenance technologies that offer both economic
and environmental benefits is imperative. Among these, asphalt
pavement recycling technologies are attracting significant attention
due to their multiple advantages. By recycling reclaimed pavement
materials, these technologies not only effectively reduce waste
disposal pressures but also reduce the consumption of virgin
materials like aggregates and asphalt, thereby lowering carbon
emissions and energy consumption.

According to the Technical Specifications for Highway Asphalt
Pavement Recycling in China (Ministry of Transport of the People’s 
Republic of China, 2019), commonly employed asphalt pavement
recycling technologies primarily include cold in-place recycling,
cold central plant recycling, hot in-place recycling, and hot
central plant recycling. FDR-PC is an advancement derived from
cold in-place recycling technology. It retains the advantages of
on-site construction and ambient-temperature operations while
overcoming the limitations of conventional recycling methods that
typically only restore the surface or partially repair the base.
Notably, FDR-PCenables in-depth regeneration of the base layer and
comprehensive structural rehabilitation. This technology involves
milling the existing asphalt pavement surface and base layers using
cold recycling equipment, incorporating binders such as emulsified
asphalt, foamed asphalt, or inorganic binders, and subsequently
re-compacting the reclaimed mixture to form a new structural
pavement layer (Fedrigo et al., 2020). The milling depth of FDR-
PC typically ranges from 100 mm to 300 mm, with a maximum
depth of 450 mm (Fedrigo et al., 2020).

Current research on FDR-PC technology primarily focuses on
material properties.The 7-dayUCS serves as a key design parameter,
forming a multi-dimensional evaluation framework for FDR-PC
material performance that includes ITS, flexural strength, and

direct tensile strength (Fedrigo et al., 2020). Fatigue performance
is also regarded as a critical indicator (Fedrigo et al., 2020;
Jiang et al., 2020; Li et al., 2024a).

Investigations into the constituent materials of FDR-PC
indicate that cement and RAP significantly influence material
properties. Cement enhances strength, stiffness, and durability
through hydration reactions; however, excessive cement content
may induce shrinkage cracking (Li et al., 2024a; Li et al., 2024b;
López et al., 2018; Jones et al., 2015). The incorporation of RAP,
while enhancing the utilization rate of waste materials and offering
environmental benefits, tends to increase material porosity and
diminish mechanical properties, leading to increased deformation
under load (Grilli et al., 2013; Yuan et al., 2011). Furthermore,
research demonstrates that higher RAP content substantially
decreases the material’s fatigue life (Li et al., 2024a). Consequently,
in engineering practice, cement content is typically maintained at
2%–6% of the mass of the total aggregate, while RAP content is
limited to below 50% (Fedrigo et al., 2020; Fedrigo et al., 2017).

Studies on the preparation procedures of FDR-PC mixtures
indicate that vibration compaction results in higher density and
UCS compared to static compaction (Li et al., 2024b; Jiang and Fan,
2013). Research on curing parameters indicates that UCS increases
significantlywith rising temperatures up to 30°C, afterwhich the rate
of gain diminishes. Additionally, strength development markedly
slows after 7 days of curing and generally reaches a stable state
after 28 days (Li et al., 2024b).

Existing studies have demonstrated that the FDR-PC technology
exhibits significant advantages in terms of carbon emissions.
Comparative analyses of multiple road rehabilitation projects across
diverse regions—including interstate highway and primary route
repairs in Virginia (United States) (Amarh et al., 2022), old
road reconstruction projects in Canada (Souza et al., 2024), and
European road network rehabilitation projects (Schmitt et al.,
2025)—consistently reveal these benefits. Compared to conventional
Mill and Fill, the FDR technology achieves substantial reductions
in carbon emissions and energy consumption, accounting for only
51% and 64% of those associated with the latter, respectively
(Souza et al., 2024). Additionally, FDR-PC exhibits superior
environmental performance relative to conventional recycling
methods, including in-place recycling (Amarh et al., 2022). A
comparative study further demonstrates that the FDR-PC process
incorporating stabilizers yields greater environmental benefits than
non-stabilizer approaches (Schmitt et al., 2025). Although stabilizers
may introduce some environmental impacts, their role in enhancing
material properties reduces the need for additional materials,
resulting in improved overall environmental performance.

In engineering applications, the synergistic optimization of
material properties and environmental sustainability is crucial. In
FDR-PC technology, the addition of cement typically improves
mechanical performance but increases environmental impact,
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while the use of RAP reduces environmental burden but may
compromise performance. This inherent trade-off makes it
difficult to simultaneously optimize both aspects, necessitating
the implementation of multi-objective optimization approaches
to identify balanced solutions.

Globally, nations invest billions annually in road maintenance
while confronting constraints including limited funding allocations,
greenhouse gas emissions from rehabilitation activities, and socio-
economic impacts of road closures (Chowdhury et al., 2010;
Shang et al., 2010; Salem et al., 2013). These challenges underscore
the importance of advancing FDR-PC technology research,
particularly through the development of comprehensive multi-
objective optimization models to determine optimal equilibria
among economic efficiency, engineering performance, and
environmental sustainability.

Inmulti-objective optimization problems, it is often not possible
to identify a single best solution that simultaneously satisfies all
objectives. Instead, a range of equally viable solutions is obtained,
each representing a different trade-off between conflicting goals
(Ma et al., 2023). A systematic analysis of 202 research papers
indicates that current road maintenance decision systems are
transitioning from single indicators to multi-objective collaborative
optimization (Chen and Zheng, 2021).This trend aligns particularly
well with the contemporary demands of sustainable infrastructure
development, emphasizing the comprehensive consideration of
multiple dimensions, including material performance, economic
costs, and environmental impacts. In road engineering, genetic
algorithms (GA) and multi-objective optimization methods have
been extensively employed.

Recent years have witnessed significant advancements in multi-
objective optimization research for road maintenance decision-
making. Scholars have developed comprehensive decision models
incorporating performance, economic, and environmental factors
from diverse perspectives. Huang et al. (2021) established a
pavement maintenance decision system considering life-cycle
costs through the integration of LCA and LCCA methodologies
(Huang et al., 2021). The study revealed user costs as the
dominant expenditure component and identified design life as
a critical factor influencing maintenance strategies. Guan et al.
(2022) proposed an enhanced NSGA-II algorithm coupled with
a pavement-traffic interaction model, successfully generating a
three-dimensional Pareto frontier encompassing agency costs, user
costs, and greenhouse gas emissions (Guan et al., 2022). This
research demonstrated the efficacy of multi-objective optimization
in balancing environmental and economic objectives.

Subsequent studies have further investigated the trade-
offs between performance enhancement and environmental-
economic costs. Yu et al. (2015) developed an optimization
model incorporating multiple indicators, including pavement
performance, cost, and environmental factors (Yu et al., 2015).
The findings revealed that while performance could be substantially
improved, such enhancement incurred higher costs and greater
environmental impacts. Similarly, Reger et al. (2014) conducted an
empirical analysis of California’s highway network, demonstrating
that conventional maintenance strategies often fail to achieve the
Pareto frontier (Reger et al., 2014). In contrast, multi-objective
optimization was shown to simultaneously reduce both societal

costs and carbon emissions, highlighting the value of integrated
decision-making approaches.

This study investigates a highway engineering project in Inner
Mongolia, China, with RAP and cement contents as the primary
design variables. Based on systematic laboratory testing and LCA, two
objective functions were defined for FDR-PC materials: mechanical
performanceandenvironmental impact.Multi-objectiveoptimization
was performed using the NSGA-II algorithm, yielding a set of
Pareto-optimal solutions. The TOPSIS method was subsequently
applied to evaluate the Pareto-optimal solutions, facilitating the
identification of three distinct optimization strategies—performance-
priority, environment-priority, and a balanced solution, each with its
corresponding optimal material mix proportions.

2 Method and materials

2.1 Raw material

TheprimaryconstituentsofFDR-PCareRAP, reclaimed inorganic
binder stabilize aggregate (RAI) and cement. The RAP material was
specifically recovered from the asphalt surface layer of the existing
pavement on National Highway 110, a secondary road located in
China’s Inner Mongolia Autonomous Region. The original pavement
structureconsistedofa4-cm-thickAC-16asphaltmixturesurfacelayer
overlying a 20-cm-thick cement-stabilized crushed stone base layer.
During material preparation, a milling machine was used to perform
layer-by-layer removal of the existing pavement. Following laboratory
processing involving natural air-drying and sieving, two distinct
materials were obtained: RAP and RAI, as illustrated in Figure 1.
The stabilizing agent was 42.5-grade ordinary Portland cement,
with all technical specifications complying with the requirements of
the Technical Specifications for Highway Asphalt Pavement Recycling
(JTG/T 5521-2019) (Ministry of Transport of the People’s Republic 
of China,2019).DetailedtechnicalparametersareprovidedinTable 1.

Based on the thickness ratio between the aged asphalt
surface layer and base layer, practical construction conditions,
and economic considerations relevant to China’s national road
network, this study employed three representative base-to-surface
ratios (mass ratios of RAI to RAP) of 10:0, 8:2, and 6:4. These
predefined ratios were used to guide the blending of RAI and
RAP for the preparation of recycled materials. The gradation
curves of the resulting recycled materials are presented in Figure 2,
with all parameters meeting the requirements specified in China’s
Technical Specifications for Highway Asphalt Pavement Recycling
(JTG/T 5521-2019) (Ministry of Transport of the People’s Republic 
of China, 2019).

2.2 Performance test

In this study, three representative mechanical performance
parameters—UCS, ITS, and RCS after freeze–thaw cycles—were
selected as key indicators for evaluating the performance of FDR-
PC cold recycled mixtures. Among these, the UCS test is widely
recognized for its simplicity and cost-effectiveness, and it has
been extensively adopted by numerous countries as a primary
parameter in mixture design. ITS serves as a crucial basis for
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FIGURE 1
Recycled materials composed of a proportional blend of RAI and RAP.

TABLE 1 Technical specifications of 42.5-grade Portland cement.

Testing Item Technical indicator Testing result

Setting Time (min)
Initial Setting ≥180 218

Final Setting ≤600 385

Flexural Strength (MPa)
3d ≥3.5 3.8

28d ≥6.5 10.6

Compressive Strength (MPa)
3d ≥17.0 19.9

28d ≥42.5 45.5

determining the allowable tensile stress at the bottom of semi-rigid
base layers in China’s Specifications for Design of Highway Asphalt
Pavements (Ministry of Transport of the People’s Republic of China,
2019). It is also a commonly used mechanical index for mixtures
stabilized with inorganic binders. This method is easy to perform,
has good repeatability, and is one of the most commonly used
approaches for assessing tensile properties of materials. Given
that Inner Mongolia belongs to a seasonal frozen soil region, the
durability issues of pavement bases caused by freeze-thaw damage
are one of the primary forms of distress. Therefore, this study
considers the freeze-thaw resistance of FDR-PC as one of its
important performance evaluation indicators.

All test specimens were prepared using a static compaction
method.The specimens were cylindrical, with a diameter of 150 mm
and a height of 150 mm. Curing was carried out under standard

conditions at a temperature of 20°C ± 2°C and a relative humidity
of 95% until the designated curing age. Some specimens underwent
water immersion treatment prior to the end of the curing period.
The specific procedures for each performance test are described
as follows.

The UCS test was conducted in accordance with JTG E51-2009
(T0806-1994) (Ministry of Transport of the People’s Republic of 
China, 2009). Specimens were cured for 6 days, followed by
immersion inwater for 1 day. Compression loadingwas then applied
at a constant rate and the maximum load at failure was recorded.
The UCS was calculated using Equation 1.

Us =
4P
πd2

(1)

whereUs is the UCS of the specimen (MPa), P is the maximum load
at failure (N), and D is the specimen diameter (mm).
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FIGURE 2
Gradation curves of FDR-PC cold recycled mixtures with
base-to-surface ratios of 10:0, 8:2, and 6:4.

The ITS test was performed after 90 days of specimen
curing, following the procedures outlined in T0806-1994
(Ministry of Transport of the People’s Republic of China, 2009). A
standardized loading apparatus was used to apply the load, and
the maximum load at specimen failure was recorded. The ITS was
calculated using Equation 2.

Ri = 0.004178
P
h

(2)

In the equation, Ri represents the ITS of the specimen (MPa),
P denotes the maximum failure load (N), and h corresponds to the
specimen height after immersion (mm).

For the freeze–thaw resistance test, a total of 18 specimens
were prepared for each type of mixture and divided into
two groups: the non-freeze-thaw group and the freeze–thaw
group, each containing nine specimens. After 28 days of
curing and water immersion on the final day, specimens
underwent five freeze–thaw cycles in accordance with T0858-
2009 (Ministry of Transport of the People’s Republic of China, 2009).
Upon completion of the cycles, the average mass loss rate was
determined. UCS tests were then conducted on both the freeze–thaw
and non-freeze-thaw groups, and the strength retention ratio was
calculated using Equation 3.

RCS = UCS
Rc
· 100% (3)

Here, RCS denotes the relative compressive strength after n
freeze-thaw cycles (%), UCS represents the compressive strength of
specimens after n freeze-thaw cycles (MPa), and Rc refers to the
strength of control specimens in comparative tests (MPa).

2.3 LCA methodology

This study employs LCA methodology to evaluate
carbon emissions and energy consumption throughout the

lifecycle of FDR-PC technology in highway rehabilitation. The
LCA methodology follows the ISO 14040 (2006) standard
(Finkbeiner et al., 2006; ISO. ISO 14040, 2006), and a process-
based LCA framework is adopted. The rehabilitation process is
divided into several discrete phases, with energy use and pollutant
emissions quantified at each stage. By integrating activity data
with corresponding carbon emission factors, a carbon emission
estimation model is established, enabling the cumulative evaluation
of energy consumption and carbon emissions throughout the entire
life cycle.

This study is based on a real-world highway project in China,
with the LCA functional unit defined as the construction of a 1-km-
long, 24 cm-thick FDR-PC recycled base layer. Only the base layer
construction is considered within the system boundary. The project
section is located in Ulanqab City, Inner Mongolia Autonomous
Region, spanning from K346 + 100 to K351 + 200. The pavement
width is 10.50 m, and the subgrade width is 11.50 m.

The FDR-PC technology in highway rehabilitation can be
categorized into three lifecycle phases: the raw material production
phase, the transportation phase, and the construction phase.

The raw material production phase primarily involves energy
consumption and carbon emissions during material processing,
excluding raw material extraction and transportation. The
transportation phase encompasses the delivery of processed
materials from factories to construction sites, with carbon
emissions predominantly resulting from transport vehicle fuel
consumption. The construction phase includes processes such as
existing pavement milling, material mixing, as well as paving and
compaction operations, accounting only for fuel consumption and
carbon emissions from construction machinery during operational
activities.

3 Multi-objective optimization

3.1 Pareto front

Multi-objective optimization involves the simultaneous
minimization of multiple objective functions subject to specified
constraints, as illustrated in Equation 4. Here, F(X) denotes the
objective function vector, fi(X) represents the i-th objective
individual function, m is the total number of objective functions,
and X corresponds to the parameter vector.

minimizeF(X) = [ f1(X), f2(X),…, fm(X)] (4)

In practical applications, multi-objective optimization problems
often involve inherent conflicts among objectives, making it
impossible to simultaneously minimize all objective functions.
Therefore, the primary goal of multi-objective optimization is
to identify solutions that achieve an optimal trade-off among
competing objectives.

A solution X is considered to dominate another solution X′ if X
is at least as good as X′ in all objectives and strictly better in at least
one objective. The set of all non-dominated solutions constitutes
the Pareto front. For any solution belonging to the Pareto front,
improvement in one objective necessarily leads to deterioration in
at least one other objective. As shown in Figure 3, the solid blue dots
represent dominant solutions forming the Pareto front.
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FIGURE 3
Illustration of a Pareto front. Both objective 1 and objective 2 are
optimized toward minimization. The length and width of the green
dashed rectangle represent the crowding distances of the green point
on the Pareto front with respect to the two objectives, respectively.

3.2 NSGA-II algorithm

NSGA-II is a multi-objective genetic optimization algorithm
rooted in the principle of Pareto optimality. This algorithm
effectively approximates the Pareto frontier solution set while
preserving population diversity through rapid non-dominated
sorting and crowding distance computation. In contrast to
conventional optimization methods, NSGA-II exhibits enhanced
capability in managing complex trade-offs among multiple
objectives. Its elitist preservation strategy promotes convergence
and guarantees solution optimality, rendering it particularly
effective for engineering optimization problems involving multiple
constraints (Deb et al., 2002). The primary procedural steps of the
NSGA-II algorithm are as follows:

1. Randomly generate an initial parent population P0 of size N,
where each individual comprises a set of decision variables, and
evaluate their objective functions.

2. For the t-th generation, conduct N binary tournaments with
replacement in the parent population Pt to select N winning
individuals. Subsequently, apply simulated binary crossover
and polynomial mutation to these individuals to generate an
offspring population Qt of size N.

3. Combine the parent population Pt and the offspring
population Qt to form an intermediate population Rt of 2N
individuals.

4. Perform fast non-dominated sorting on Rt and compute the
crowding distance.Then, select the topN dominant individuals
with sparser crowding distances to form the next-generation
parent population Pt+1.

5. Increment t by 1 and repeat Steps 2 to 4 until the
predefined maximum number of generations is reached or the
convergence criterion is satisfied.

3.3 TOPSIS algorithm

Since all solutions on the Pareto front are mutually non-
dominated and cannot be directly compared in terms of superiority,
they present significant decision-making challenges. In such cases,
the TOPSIS algorithm can be employed to evaluate the solutions
on the Pareto front. By measuring distances to both the ideal best
and ideal worst solutions, TOPSIS establishes a comparable ranking
system for these non-dominated solutions.This approach effectively
prioritizes points on the Pareto front while preserving the diversity
inherent in multi-objective optimization (Behzadian et al., 2012).
The basic procedure of the algorithm is as follows (Tzeng and
Huang, 2011):

1. Calculate the vector-normalized objective function
values xij for the Pareto frontier points to eliminate
dimensional differences. Here, i denotes the index of the
Pareto frontier solution, j represents the index of the
objective function.

2. Weight the normalized objective function values according
to the predefined weights of each objective function,
thereby constructing the weighted normalized matrix
V = (wj · xij)m×n, where wj denotes the weight of the j-th
objective function.

3. Select the optimal value from each column of the weighted
matrix as the positive ideal solution C+ and the worst value as
the negative ideal solution C−.

4. Calculate the Euclidean distances (D+i and D−i ) between each
solution and the positive/negative ideal solutions.

5. Determine the closeness coefficient Oi for each solution,
as shown in Equation 5. A higher score indicates that the
solution is closer to the ideal solution.

Oi =
D−i

D−i +D
+
i

(5)

4 Results and discussion

4.1 Performance objective function

The experimental data of FDR-PC cold recycled mixtures
with varying cement contents and RAP contents are presented
as follows: Table 2 shows the 7-day UCS test results, Table 3
provides the ITS test results, and Table 4 summarizes the RCS
test results.

Using cement content and RAP content as independent
variables, and the mean UCS and ITS values together with the
measured RCS value as dependent variables, predictive models
were developed via bivariate quadratic polynomial regression.
Model parameters were estimated via the least square method,
with the polynomial degree fixed at two to prevent overfitting.
As shown in Table 5, all fitted equations yielded coefficients
of determination greater than 0.98, indicating strong model
performance.

To evaluate material performance, UCS, ITS, and RCS are used
as primary indicators, and a weighted aggregationmethod is applied
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TABLE 2 UCS test results of FDR-PC cold-recycled mixtures with base-to-surface ratios of 10:0, 8:2, and 6:4, and cement contents of 4%, 5%, and 6%.

Base-to-surface ratio 4% cement content 5% cement content 6% cement content

Us MPa Cv % Us0.95 MPa Us MPa Cv % Us0.95 MPa Us MPa Cv % Us0.95 MPa

10:0 5.2 4.8 4.8 5.7 6.5 5.1 6.0 2.0 5.8

8:2 5.0 7.0 4.4 5.2 10.8 4.3 5.4 11.5 4.4

6:4 4.6 4.1 4.3 4.7 5.1 4.3 5.0 10.8 4.1

Note: Us represents the mean value; Cv denotes the coefficient of variation; Us0.95 is the characteristic value based on a 95% confidence interval.

TABLE 3 ITS test results of FDR-PC cold-recycled mixtures with base-to-surface ratios of 10:0, 8:2, and 6:4, and cement contents of 4%, 5%, and 6%.

Base-to-surface ratio 4% cement content 5% cement content 6%Cement content

Is MPa Cv % Is0.95 MPa Is MPa Cv % Is0.95 MPa Is MPa Cv % Is0.95 MPa

10:0 0.66 7.6 0.58 0.90 6.7 0.80 1.05 6.7 0.93

8:2 0.60 5.0 0.55 0.75 4.0 0.70 0.89 4.5 0.82

6:4 0.54 7.4 0.47 0.71 5.6 0.64 0.79 10.1 0.66

Note: Is represents the mean value; Cv denotes the coefficient of variation; Is0.95 is the characteristic value based on a 95% confidence interval.

TABLE 4 Results of five freeze-thaw cycles for FDR-PC cold-recycled mixtures with base-to-surface ratios of 10:0, 8:2, and 6:4, and cement contents of
4%, 5%, and 6%.

Cement content (%) Base-to-surface ratios UCS (MPa) RCS (%)

4

10:0 4.9 88.7

8:2 4.9 89.4

6:4 4.7 86.2

5

10:0 5.2 91.6

8:2 5.3 93.4

6:4 5.0 88.2

6

10:0 5.7 93.8

8:2 5.8 95.4

6:4 5.6 91.2

to construct the material performance objective function. Since
these indicators have different physical dimensions, normalization
is performed to eliminate dimensional inconsistency. Normalized
values are denoted with an asterisk (∗), and the normalization is
performed according to Equation 6:

f∗ =
f − fmin

fmax − fmin
(6)

where fmax and fmin represent themaximumandminimum function
values within the parameter range, respectively.

Using the weighted aggregation method, the performance
objective function for FDR-PC cold recycled mixtures is formulated
as shown in Equation 7.

F1 = w1 ·UCS∗ +w2 · ITS∗ +w3 ·RCS∗ (7)

3

∑
i=1

wi = 1

Here,UCS∗, ITS∗, and RCS∗ represent the normalized functions
of UCS, ITS, and RCS, respectively, whilew1,w2 andw3 denote their
corresponding weights, which sum to 1. In this study, each weight
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TABLE 5 Fitted equations for UCS, ITS, and RCS of FDR-PC cold recycled
mixtures with base-to-surface ratios of 10:0, 8:2, and 6:4, and cement
contents of 4%, 5%, and 6%.

Mechanical index Second-order polynomial
fitting equation

R2

UCS UCS = 0.34r+ 36.67c− 50rc+ 3.8 0.98

ITS ITS = 0.12r+ 50.67c+ 0.71r2 − 17.5rc−
316.67c2 − 0.85

0.99

RCS BDR = 21.38r+ 554.17c− 69.58r2 −
12.5rc− 2833.34c2 + 70.93

0.99

Note: c denotes the cement content, and r denotes the RAP content.

is assigned an equal value of 1
3
, reflecting an assumption of equal

importance among the three mechanical performance indicators.
These weights can be adjusted based on the relative importance of
each indicator in specific application scenarios.

4.2 Environment impact objective function

When calculating carbon emissions and economic costs, the
mass of the FDR-PC cold recycled mixture must be determined.
The laboratory calculation formula for the FDR-PC cold recycled
mixture is presented in Equation 8:

m0 = V · ρmax · (1+wopt) · 98% (8)

wherem0 is the mass of a single specimen (g), ρmax is the maximum
dry density (g/cm3), wopt is the optimummoisture content (%), and
98% represents the compaction degree.

The evaluation of mass requires two key parameters: maximum
dry density and optimum moisture content. Table 6 presents the
experimental data for these parameters in FDR-PC mixtures with
varying cement contents and base-to-surface ratios. Using cement
and RAP contents as independent variables, and maximum dry
density and optimum moisture content as dependent variables,
bivariate quadratic polynomial regression was performed on the
experimental data. As shown in Table 7, all fitted models achieved
coefficients of determination greater than 0.95, indicating excellent
goodness of fit.

Based on Equation 8, the mass of each material within the
functional unit in the LCA can be calculated. Specifically, the total
mass of the mixture is determined by Equation 9, the cement mass
by Equation 10, and the water mass by Equation 11.

M = L ·W ·D · ρmax · (1+wopt) · 0.98 (9)

Mc =
M

1+wopt
·wopt (10)

Mw =
M

1+wopt + c
· c (11)

Here, M represents the total mass of the pavement in the
functional unit, L denotes the pavement length, W the pavement
width, D the base layer thickness, ρmax the maximum dry density,
wopt the optimum moisture content, and c the cement content.

Based on the LCA methodology and carbon emission factor
approach, the total carbon emissions of FDR-PC technology during
highway rehabilitation can be calculated using Equation 12:

m =∑Qmat · FEmat +∑FEveh · n ·D+∑Qeqp · FEeqp (12)

Here, the three terms represent the raw material production,
transportation, and construction phases, respectively. Qmat denotes
the mass of raw materials, while FEmat is the corresponding carbon
emission factor, expressed in tons per unit of usage. n represents
the workload of transport machinery, D is the transport distance
in kilometers, and FEveh is the carbon emission factor of transport
machinery, expressed in kilograms per ton-kilometer. Finally, Qeqp
indicates the workload of construction machinery, and FEeqp is its
carbon emission factor, expressed in tons per unit workload.

Similarly, the total energy consumption of FDR-PC is
calculated using Equation 13:

E =∑Qmat · FCmat +∑FCveh · n ·D+∑Qeqp · FCeqp (13)

Analogous to Equation 12, FCmat corresponds to the energy
consumption factor associated with raw materials, expressed in
MJ per unit usage. FCveh to that of transportation machinery,
expressed inMJ per ton-kilometer. And FCeqp to that of construction
machinery, expressed in MJ per unit workload.

During the raw material production phase, the primary
materials consist of cement and water. In the transportation phase,
cement and water are transported to the construction site by lorry.
During the construction phase, a cold recycling machine mills the
existing pavement, mixes the reclaimed material with cement, and
forms a new surface, which is subsequently leveled by amotor grader
and compacted by a road roller.

In the calculation of carbon emissions and energy consumption,
conventional approaches typically consider only explicit emissions
and energy use, primarily attributed to cement utilization, while
overlooking the potential environmental benefits associated with
the utilization of RAP and RAI. RAI and RAP contain substantial
amounts of aggregate, which can significantly reduce the demand
for virgin aggregate. Furthermore, RAP incorporates a certain
proportion of aged asphalt binder, enabling the partial substitution
of virgin asphalt materials.

Therefore, this study considers the equivalent aggregate and
asphalt savings achieved through the incorporation of RAI and
RAP as their inherent carbon emission and energy consumption
advantages. These advantages are subsequently integrated into the
environmental impact objective function for evaluation, as detailed
in the following Equations 14, 15:

meq =mRAI · FEagg + (1− α) ·mRAP · FEagg + α · β ·mRAP · FEasph
(14)

Eeq =mRAI · FCagg + (1− α) ·mRAP · FCagg + α · β ·mRAP · FCasph
(15)

wheremRAI andmRAP denote themass of RAI and RAP, respectively,
FEagg and FEasph represent the carbon emission factors for aggregate
and asphalt, respectively, FCagg and FCasph denote the energy
consumption factors for aggregate and asphalt, respectively. The
proportion of aged asphalt binder in RAP is denoted by α, set at
5%, and the effective substitution efficiency of aged binder for virgin
asphalt is denoted by β, set at 70%.
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TABLE 6 Test results of maximum dry density and optimummoisture content for FDR-PC cold recycled mixtures with base-to-surface ratios of 10:0,
8:2, and 6:4, and cement contents of 4%, 5%, and 6%.

Base-to-surface ratio Cement content (%) Optimal water content (%) Maximum dry density (g/cm3)

10:0

4 6.7 2.232

5 7.1 2.236

6 7.3 2.238

8:2

4 5.9 2.242

5 6.6 2.246

6 6.8 2.24

6:4

4 5.8 2.246

5 6.2 2.25

6 6.2 2.245

TABLE 7 Fitted equations for maximum dry density and optimummoisture content of FDR-PC cold recycled mixtures with base-to-surface ratios of
10:0, 8:2, and 6:4, and cement contents of 4%, 5%, and 6%.

Index Second-order polynomial fitting equation R2

Maximum Dry Density ρmax = 0.09r+ 3.73c− 0.04r
2 − 0.88rc− 35c2 + 2.14 0.95

OptimumMoisture Content wopt = − 2.34r+ 220c+ 2.92r2 − 25rc− 1833.34c2 + 0.74 0.97

Note: c denotes the cement content, and r denotes the RAP content.

The carbon emission and energy consumption factors
are listed in Table 8. The factors for cement, aggregate and
asphalt were obtained from Pan (Pan, 2011), while the fuel
consumption and operational efficiency data for lorry, cold
recycling machine, motor graders, and road rollers were
sourced from Highway Engineering Machinery Shift Cost Quota
(Ministry of Transport of the Peo ple’s Republic of China, 2018)
and China Energy Statistical Yearbook (National Bureau of Statistics 
of China, 2022).

Based on the weighted Equation 6, the environmental
impact objective function is formulated by integrating
the carbon emission models (Equations 12, 14) and the
energy consumption models (Equations 13, 15), each with
their associated weighting coefficients, as presented in
Equation 16:

F2 = w3 · (m−meq)
∗ +w4·(E−Eeq)

∗ (16)

4

∑
i=3

wi = 1

where (m−meq)
∗
and (E−Eeq)

∗
represent the normalized carbon

emission function and energy consumption function, respectively.
w3 and w4 denote the weight coefficients assigned to each function.
In this analysis, bothweights are set to 0.5, indicating equal emphasis
on carbon emissions and energy consumption in the environmental
evaluation.

4.3 Multi-objective optimization result

This study utilizes the NSGA-II algorithm for multi-
objective optimization, with the optimization model detailed in
Equation 17.

minimizeF = [−F1,F2] (17)

s.t.

{{{{{{{{{{
{{{{{{{{{{
{

cL < c < cU
rL < r < rU
UCSL < UCS < UCSU
ITSL < ITS < ITSU
RCSL < RCS

(18)

Here, F1 represents the performance objective function,
which is maximized and thus assigned a negative sign; F2
represent the environmental impact objective function, which
is minimized.

Equation 18 defines the constraints for the multi-objective
optimization. The cement content is limited to a range of 4%–6%,
corresponding to cL and cU in Equation 18. Similarly, the RAP
content is constrained between 0% and 40%, denoted as rL and rU. In
compliance with China’s Specifications for Design of Highway Asphalt
Pavements (Ministry of Transport of the People’s Republic of China,
2019) for heavy-traffic base layers, the 7-day UCS must range
between 4.0 MPa and 6.0 MPa, which correspond to UCSL and
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TABLE 8 Carbon emission factors and energy consumption factors of raw materials and machinery in the lifecycle of FDR-PC technology for road
rehabilitation.

Emission source Carbon emission factor Unit Energy consumption
factor

Unit

Cement 870.00 kg/t 3181.00 MJ/t

Aggregate 3.50 kg/t 37.00 MJ/t

Asphalt 613.00 kg/t 10576.00 MJ/t

Water 0.20 kg/t 3.00 MJ/t

Lorry 0.12 kg/t·km 3.25 MJ/t·km

Wirtgen Cold Recycler 2.62 kg/t 38.32 MJ/t

Motor Grader 4.00 kg/t 0.25 MJ/t

Road Roller 0.58 kg/t 15.58 MJ/t

FIGURE 4
Pareto front of FDR-PC optimization results. The colormap shows TOPSIS scores with equal weights. (a) Objective space: performance vs.
environmental impact; (b) Parameter space.

UCSU. Similarly, the ITS should bemaintained between 0.4 MPa and
0.6 MPa, corresponding to ITSL and ITSU. Furthermore, this study
constrains the RCS to a minimum of 90%, as denoted by RCSL in
the equation.

The multi-objective optimization results are illustrated in
Figure 4. Figures 4a,b depict the distribution of the Pareto front
in the objective function space and parameter space, respectively.
Additionally, under the condition of equal weighting between the
performance and environmental objectives, where each objective
was assigned a weight of 0.5, the TOPSIS scores of the Pareto
optimal points were calculated and visualized using a colormap, as
presented in Figure 4.

Figure 4a reveals a significant negative correlation between
the performance and environmental objective functions. In the
environmental impact assessment, the carbon emission factor of
cement is remarkably higher than other factors, exceeding them
by nearly two orders of magnitude. Given that cement enhances
various aspects of the material’s performance, improvements in
material properties typically stem from an increased cement
content. This relationship directly leads to a substantial increase

in carbon emissions and energy consumption, thus manifesting
as a trade-off between the performance and environmental
objective functions.

Figure 4b demonstrates the characteristic parameter
combinations corresponding to the non-dominated solutions
of the Pareto front. The RAP content ranges from 0% to 34%,
and the cement content ranges from 4.4% to 6%. Based on the
parameter distribution characteristics, three distinct regions can
be roughly identified. The first region corresponds to cement
content approaching its upper constraint limit, while RAP
content varies from 0% to 20%, approximately the minimum
to the midpoint of its constraint range. As indicated by the
corresponding colormap in Figure 4a, this region is associated
with high material performance and high environmental impact.
In the second region, the cement content gradually decreases
from 6% to 4.8%, and the RAP content gradually increases from
20% to 34%, representing a balance between moderate material
performance andmoderate environmental impact for both objective
functions. The third region shows a decrease in cement content
from 4.8% to 4.4% and a decrease in RAP content from 34%

Frontiers in Built Environment 10 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1631169
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Xia et al. 10.3389/fbuil.2025.1631169

FIGURE 5
TOPSIS scores of the Pareto front under varying objective weightings: (a) performance-prioritized scenario; (b) environmental
impact-prioritized scenario.

TABLE 10 Optimal parameter combinations of the Pareto front under varying objective weightings.

Optimization
parameter

Performance-
prioritized

Environmental
impact-prioritized

Balanced weighting

Cement Content 6% 4.6% 5.2%

RAP Content 5% 32% 27%

to 28%, corresponding to low material performance and low
environmental impact.

In addition to the equal-weighted case, we also evaluated
TOPSIS scores under performance-priority and environment-
priority weighting schemes. For performance-priority, weights were
set as 0.8 (performance) and 0.2 (environment); for environment-
priority, the weights were reversed. Figure 5 presents the spatial
distribution of the TOPSIS evaluation results under different
weights using colormaps, and Table 10 summarizes the parameter
combinationswith the highest TOPSIS scores for the threeweighting
schemes. Figure 5a shows that under performance priority, high-
scoring parameter combinations are concentrated in region 1,
with the highest-scoring combination being 6% cement content
and 5% RAP content. Figure 5b indicates that under environment
priority, high-scoring parameter combinations are concentrated
in region 3, with the highest-scoring combination being 4.6%
cement content and 32% RAP content. As shown in Figure 4b,
under balanced performance and environmental weights, high-
scoring parameter combinations are concentrated in region 2, with
the highest-scoring combination being 5.2% cement content and
27% RAP content.

5 Conclusion

This study experimentally investigated three strength
performance indicators of FDR-PC cold recycled mixtures—UCS,
ITS, and RCS—under varying RAP and cement contents. Using
cement content and RAP content as independent variables,
predictive models for each performance indicator were established
through polynomial fitting, and a comprehensive performance

objective function was constructed via weighted aggregation. Based
on the LCA methodology, the application process of FDR-PC
technology was divided into three phases: raw material production,
transportation, and construction. By incorporating emission and
consumption factors, calculation models for carbon emissions and
energy consumption at each phase were developed, subsequently
formulating an environmental impact objective function through
weighted aggregation.

The NSGA-II algorithm was implemented to perform multi-
objective optimization considering material performance and
environmental impact, generating Pareto-optimal solutions under
constraints. The parameter combinations of the non-dominated
solutions were distributed in three regions with distinct trends:
high-performance, high-environmental-impact combinations were
concentrated in areas with cement content close to the maximum
of 6.0% and RAP content below 20%; low-performance, low-
environmental-impact combinations were clustered in a narrow
region with 4.4%–4.8% cement content and 28%–34% RAP content;
and more balanced performance-environment combinations were
found with cement content from 4.8% to 6.0% and RAP content
from 20% to 34%. According to TOPSIS scoring, when material
performance is prioritized, the optimal parameters are 6.0% cement
content and 5% RAP content, when environmental impact is
prioritized, the optimal parameters are 4.6% cement content and
32% RAP content, and for a balance between performance and
environment, the optimal parameters are 5.2% cement content and
27% RAP content.

The limitations of this study primarily stem from the scope
of the selected indicators and analysis boundaries. The optimal
mix parameters identified are specific to the objective functions
and the particular performance and environmental indicators
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adopted in this research. Moreover, the life cycle assessment
was limited to the core stages of road rehabilitation, excluding
the use, maintenance, and end-of-life phases. To gain a more
comprehensive understanding, future studies should consider
incorporating economic cost factors and expanding the analysis to
encompass the full life cycle of the pavement materials.
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