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Abstract. To address the issue of low utilization rate of a substantial amount of
fine aggregate (particle size <Smm) in recycled asphalt pavement (RAP), a
method is proposed to agglomerate RAP fine aggregate into recycled coarse
aggregate (particle size range Smm~15mm). Cement (20%, 30%, 40%) is used
as the main binder, supplemented with epoxy resin (3%, 5%, 7%), and RAP re-
cycled aggregate is prepared through a pelletizing process. The aggregate is
chemically impregnated and strengthened using water glass (WG) and tetraethyl
orthosilicate (TEOS) solution. The optimal preparation process parameters for
the recycled aggregate are determined through setting up orthogonal experi-
ments; the obtained RAP recycled aggregate is used to replace natural coarse
aggregate at different proportions (0%, 20%, 30%, 40%, 50%) to prepare fine
concrete with a compressive strength grade of C30. The results indicate that
with the increase of RAP recycled aggregate content, the concrete's slump,
compressive strength, flexural strength, and frost resistance all show a declining
trend. Taking everything into consideration, when the content of RAP recycled
aggregate is 30%-40%, the loss of concrete performance is relatively controlla-
ble, possessing certain engineering application potential. This study provides a
new technical approach for the high-value utilization of RAP fine aggregate,
which has positive significance for promoting the resource utilization of con-
struction waste and green infrastructure development.

Keywords: RAP fine aggregate; cement; epoxy resin; aggregate strengthener;
pelletizing process; fine concrete;

1 Introduction

With the acceleration of urbanization, the resource utilization of construction waste has
become a global focus. China produces over 300 million tons of RAP annually, with a
recycling rate of less than 30%, significantly lower than that of developed countries in
Europe and America (60%-90%). Traditional landfilling or stacking occupies land and
pollutes the environment, thus recycling RAP is a key breakthrough for the develop-
ment of green infrastructure and circular economy!'-31.
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The existing RAP processing methods (milling, crushing, and sieving) are difficult
to control different particle sizes. Among them, the fine aggregate with a particle size of
less than Smm, which accounts for 80%, has a low application rate due to its high
bitumen content and difficulty in sieving, while the coarse aggregate larger than Smm
has a wider application. In view of this, this study focuses on exploring the utilization
of RAP fine aggregatel>*.

Although there are precedents for using fine particles (such as ceramic particles,
steel slag micro-powder, etc.) to form artificial coarse aggregates through agglomera-
tion and studying their properties, the presence of aged asphalt in RAP fine aggregates
leads to a high variability in experimental results, making the research more chal-
lengingl>!13-141,

To address the issue of large production and difficulty in utilizing RAP fine aggre-
gate, this study uses RAP fine aggregate as raw material and cement as the main binder,
adopting a granulation process to agglomerate it into recycled coarse aggregate with a
particle size of 5-15mm. A reinforcement scheme for RAP recycled aggregate is pro-
posed, and it is used in the production of cement concrete to explore its potential ap-
plication in cement concrete.

2 Test Raw Materials

2.1 RAP Material

The RAP material required for this experiment is obtained from the waste asphalt
mixture generated by a highway maintenance project in a section of Gansu Province.
Through the newly introduced aggregate regeneration equipment in the Northwest
region, the waste asphalt milling material is fully crushed and screened, and the fine
aggregate with a particle size less than Smm is selected as the test raw material. The
basic properties of RAP are shown in Table 1, and the gradation is shown in Figure 1.
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Fig. 1. RAP fine aggregate gradation curve
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Table 1. Basic properties of RAP

Technical indexes result
Water absorption (%) 1.26
Apparent density (g/cm?) 2.55
Bulk density (g/cm®) 1.48
Asphalt content (%) 6.16

2.2 Cement

The cement variety is ordinary Portland cement (P-O 42.5), and its technical standards
are tested according to the technical standards in JTG 3420—2020. The test results and
main components are shown in Table 2 and Figure 2:

Table 2. Main technical indexes of cement

Performance Indicators Result Technical Requirements
Specific surface area (m%*kg) 346.1 >300
Initial setting time (min) 150 >45
Final setting time (min) 240 <600
Compressive strength (28d) 45.7 >42.5
l Sio.
Il A1:0,
Bl Fe:0,
I Ca0
B Mg0
2. 19- 8% B so.

3. 1%

Fig. 2. Content of cement components

2.3  Aggregate Binder

Due to the hydrophilicity of cement, water addition is necessary, and the aged asphalt
in RAP is hydrophobic, affecting the agglomeration effect of aggregates during the
pelletization process, thus requiring the addition of other binders for assistancel>®!. In
this experiment, epoxy resin was used as the aggregate binder®!%. The polar groups
on the molecular chains of the epoxy resin can produce strong adhesion with the as-
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phalt components on the surface of RAP aggregates, significantly enhancing the bond
strength between particles. As a hydrophobic polymer material, epoxy resin can also
effectively penetrate the asphalt film, forming a "resin-asphalt-cement" gradient tran-
sition layer, improving the compatibility between hydrophobic asphalt and hydro-
philic cement matrix, and alleviating interfacial stress!!!"'?l. The experiment uses E-51
type bisphenol A epoxy resin and anhydrous T31 curing agent (Fig.3) to promote the
agglomeration and adhesion effect between aggregates and between aggregates and
cement during the preparation of RAP recycled aggregate.

/

o’

Fig. 3. Curing agent (left) and epoxy resin (right) used in the experiment

2.4  Aggregate Reinforcement!'%14

RAP recycled aggregates are formed by being coated with cement mortar. However, a
large amount of bubbles are produced during the cement hardening process, severely
affecting its performance, thus requiring surface strengthening to meet physical prop-
erty requirements. In this experiment, the chemical impregnation method is used for
reinforcement. Studies have shown that after soaking in water glass, silica gel can be
formed to block capillary pores and react with the hydration products of cement to
form a colloidal filling of pores; while tetraethyl orthosilicate (TEOS) easily forms
nano-silica dioxide to fill pores. Based on this, this experiment uses water glass and
TEOS (Fig.4) to impregnate and strengthen RAP recycled aggregates, determining the
best reinforcement agent by comparing the enhancement effects of the two.

Fig. 4. Water glass (left) and orthosilicic acid ethyl ester (right) used in the experiment
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3 Preparation of RAP Recycled Aggregate

3.1 RAP Recycled Aggregate Molding Method

The forming method of RAP recycled aggregates adopts the stirring rolling ball
forming method, and the forming process is shown in Figure 5. In this experiment,
cement is used as the main binding material, with epoxy resin as the auxiliary binding
material; the aggregation of particles and binding powder materials is completed by
turning, rolling, and curtain-falling motions during the rotation of a disc or cylinder.

Cement mortar

RAP fine aggregate

Fig. 5. Molding process of RAP recycled aggregates

3.2  RAP aggregates Preparation Process

To assist the RAP fine aggregates in agglomerating, this paper uses epoxy resin as the
aggregate binder, and sodium silicate and orthosilic acid ethyl ester as reinforcers for
the recycled aggregates respectively. The specific preparation process is as follows:

(1) Pretreatment of RAP Material: Before preparing RAP recycled aggregate, the
RAP aggregate needs to be dried: place the RAP aggregate in an oven and dry it at
75£5°C for 24 hours; the cement slurry should be placed in a mixing device and
stirred at 60r/min for more than 5 minutes.

(2) Agglomeration and granulation of RAP fine aggregate: A certain amount of cement is
mixed evenly with RAP fine aggregate, and under the action of other aggregate binders (epoxy
resin), the ball rolling granulation method is used to make it into aggregates with a particle size
greater than Smm.

(3) Cold Bonding Curing; After treating the RAP aggregate, sieve it through a 4.75mm mesh,
then place it in a curing chamber. Cure it under the condition of 20+2°C temperature and 95%
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relative humidity for 24 hours. Afterward, place it in a ventilated area and continuously turn it over
until its surface is dry to prevent excessive adhesion between particles.

(4) Preparation of aggregate reinforcement solution: In order to ensure a uniform coverage of
the aggregate surface by the reinforcement agent during reinforcement, and considering the ex-
perimental cost, this paper dilutes two types of aggregate reinforcement agents: sodium silicate is
diluted to a solution with a concentration of 15%, and tetraethyl orthosilicate is mixed with ethanol
in a molar ratio of 1:1 and then diluted to a 5% aqueous solution.

(5) Aggregate Strengthening: Place the RAP reclaimed aggregate specimens in a vacuum
dryer and pump the vacuum to -0.1MPa, maintaining it for 30 minutes. Subsequently, immerse the
specimens in different aggregate strengthening agents, soaking them under normal pressure for 24
hours. Take out the specimens and dry them at 60°C until they reach a constant weight.

4 RAP Aggregate Regeneration Experimental Scheme Design

This section aims to propose an experimental scheme for RAP recycled aggregates.
The preparation of RAP recycled aggregates uses RAP fine aggregates as raw materi-
als, with cement as the powdery agglomerating material, and epoxy resin as the aux-
iliary binding material. For the strengthening of recycled aggregates, water glass
(WG) and tetracthyl orthosilicate (TEOS) solutions are used for impregnation
strengthening, and untreated RAP aggregates are set as blank control groups (CK).

4.1  Experimental Factors and Levels

This experiment designs different cement contents (20%, 30%, 40%), different epoxy
resin contents (3%, 5%, 7%) and different aggregate reinforcers (WG, TEOS, CK)
separately. In order to investigate the impact of these factors and their interactions on
the performance of RAP aggregates, this study uses the crushing value, water absorp-
tion rate and apparent density of RAP recycled aggregates as evaluation indicators,
and sets up a three-factor three-level orthogonal test. The factors and levels are shown
in Table 3.

Table 3. The factors and levels are shown

Level
Factor
1 2 3
A: Cement 20% 30% 40%
B:Aggregate binder 3% 5% 7%
C: Aggregate Reinforcement WG TEOS CK

4.2  Analysis of Orthogonal Test Results

This paper adopts the L9 (34) orthogonal test to design the scheme for the above fac-
tors and levels, with the specific scheme and results shown in Table 4; according to
the relevant provisions in GB-14685-2022 , the aggregate crushing value is divided
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into three grades (Grade I <10%, Grade II <20%, Grade III <30%); different stand-
ards have different requirements for the water absorption rate of aggregates, which
directly affects the durability and frost resistance of aggregates, generally requiring it
to be between 2% and 3%; apparent density reflects the compactness of aggregates,
the higher the apparent density, the more compact the aggregates, and the standard
requires that the apparent density of natural aggregates shall not be less than
2.60kg/m3. Due to the cold hardening method used by RAP recycled aggregates, they
themselves have a higher water absorption rate and porosity. An intuitive analysis of
the above orthogonal test was conducted, calculating the K1, K2, K3 of each factor
level and the corresponding average values k1, k2, k3, and analyzing the range R of
the corresponding indicators, selecting the experimental group whose performance is
closest to the standard requirements as the best process combination for RAP recycled
aggregates. The analysis results are shown in Table 5, and the orthogonal trend analy-
sis is shown in Figure 6.

Table 4. the specific scheme and results

Test A B Crushing Water Absorption Apparent Density

Value (%) Rate (%) (g/cm?)

1 20% 3% WG 18.5 4.8 2.45

2 20% 5% TEOS 17.2 4.3 2.48

3 20% 7% CK 21.8 5.5 2.42

4 30% 3% TEOS 15.8 3.9 2.52

5 30% 5% CK 19.1 5.1 2.5

6 30% 7% WG 13.5 3.2 2.58

7 40% 3% CK 20.5 5.3 2.51

8 40% 5% WG 14.8 3.6 2.56

9 40% 7% TEOS 16.1 4 2.55

Table 5. The analysis results
Index parameter A B C Priority  optimal combination
k1 19.17 1827 15.60
k2 16.13 17.03 16.37
hi | >A>B A2B

Crushing Value k3 1713 1713 2047 © B
R 3.04 1.24 487
k1 487 467 387
Water Absorption k2 4.07 433  4.07

>A>B A2B

Rate k3 430 423 530 © B
R 0.80 044 143
k1 245 249 253
Apparent Den- k2 2.53 251 2.52

A>C>B A3BsC

sity k3 254 252 248 R

R 0.09 0.03 0.05
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Fig. 6. Trend analysis of orthogonal test

The experimental results indicate that the optimal combination for the crushing
value of RAP recycled aggregates is A,B,Cj, for water absorption rate is A,B3C;, and
for apparent density is A3B3C;. The type of aggregate enhancer has a significant im-
pact on water absorption rate and apparent density, while cement content significantly
affects the crushing value.Through detailed analysis of various factors:

Cement Content (A): With the increase in cement content, the fragmentation value
and water absorption rate of RAP recycled aggregates first decrease and then slightly
increase, reaching their lowest at 30%; the apparent density monotonically increases,
with its growth rate slowing down after 30%, and reaching its maximum at 40%. The
C-S-H gel formed by cement hydration fills the pores and enhances compactness, but
if the content is too high, it might slightly reduce performance due to hydration heat
release or shrinkage. Therefore, the optimal cement content is chosen as A, (30%).

Aggregate Reinforcement Agent Type (C): Has a significant impact on water ab-
sorption and crushing value. After hydrolysis, WG can react with the hydration prod-
ucts of cement to generate more gel, effectively filling pores and strengthening struc-
tures, showing better performance than TEOS. Therefore, WG is chosen as the ag-
gregate reinforcement agent (C1/CK).
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Epoxy Resin Content (B): Primarily acts as an interface modifier, enhancing inter-
face toughness and inhibiting the expansion of micro-cracks, but its contribution to
overall strength is not as significant as cement hydration and chemical enhancement.
An increase in content leads to a limited improvement in strength.

Considering all the indicators, the optimal process combination tends to be A2B3Ci,
that is, the cement content is 30%, the epoxy resin content is 7%, and the aggregate
enhancer is selected as CK (WG). At this time, the performance of RAP recycled
aggregate produced is closer to natural aggregate.

5 Application of RAP Aggregates

The prepared RAP recycled aggregates were used to replace natural coarse aggregates
in the preparation of cement concrete. The impact of different amounts of RAP recy-
cled aggregates on the slump, mechanical properties, and durability of cement con-
crete was evaluated. Based on the experimental results, the optimal replacement rate
of RAP recycled aggregates in cement concrete was determined.

5.1 Mix Proportion Design

This experiment refers to the mix design of cement concrete with strength grade C30,
using RAP recycled aggregates to prepare cement concrete at 20%, 30%, 40%, and
50% addition ratios, and setting up a control group with 0% RAP recycled aggregates.
The information on the mix ratios of each group is shown in Table 6.

Table 6. The information on the mix ratios of each group

RAP
Trial RAP re- coarse ..
Cement Water Sand recycled Superplasticizer
No placement aggregate
aggregate

EO 0 380 171 720 1129 0 3.8
El 20% 380 171 720 903 205 3.9
E2 30% 380 171 720 790 308 4.0
E3 40% 380 171 720 677 410 4.1
E4 50% 380 171 720 565 513 4.2

5.2 Test Scheme

The slump test was carried out according to GB/T 50080-2016 "Standard for the Test
Methods of Performance of Ordinary Concrete Mixture". The prepared RAP recycled
aggregate concrete was formed into 100mm X 100mm X 100mm cubic test pieces and
100mm X 100mm X 400mm prismatic test pieces. After reaching the standard curing
period, the compressive strength and flexural strength were tested according to GB/T
50081-2019 "Standard for the Test Methods of Physical and Mechanical Properties of
Concrete". The durability of RAP recycled aggregate concrete mainly tested its frost
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resistance. The rapid freeze-thaw cycle test was conducted according to GB/T
50082-2009 "Standard for the Test Methods of Long-Term Performance and Durabil-
ity of Ordinary Concrete". The number of freeze-thaw cycles, mass loss rate, and
relative dynamic elastic modulus loss rate were recorded to evaluate the frost re-
sistance grade.

5.3  Analysis of Experimental Results

Slump.

Figure 7 presents the influence of RAP recycled aggregate content on the slump of
concrete. It can be observed that as the content of RAP recycled aggregate increases,
the slump of the concrete mixture gradually decreases. This is mainly because the
surface of the RAP recycled aggregate is relatively rough and irregular in shape, and
there may be a small amount of asphalt overflow on the surface, leading to an in-
crease in friction between the aggregates and a decrease in fluidity.

200

150

Slump (mm)

100

El E2 E3 E4 E5
Trial No

Fig. 7. The influence of RAP recycled aggregate content on the slump of concrete

Mechanical Properties Analysis.

Figure 8 presents the influence of RAP recycled aggregate content on the compres-
sive and flexural strength of concrete. As can be seen from the figure, with the in-
crease of RAP recycled aggregate content, both the compressive strength and flexural
strength of concrete show a downward trend. This is due to the significant micro-
structural defects in the interface transition zone (ITZ) formed between RAP recycled
aggregate and cement matrix, which are characterized by increased porosity and mi-
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crocrack propagation, making this area a weak link for stress concentration and de-
struction ['3); the residual asphalt film on the surface of RAP recycled aggregate in-
hibits the hydration reaction process of cement and directly weakens the physico-
chemical bonding strength between aggregate and cement stone, further reducing the
macroscopic mechanical properties of concrete 16,

—#- 7-day compressive strength
—@— 28-day compressive strength)

@ Flexural strength

7 26
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Fig. 8. Influence of RAP recycled aggregate content on compressive strength
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Fig. 9. Relationship between anti-freezing performance and RAP recycled aggregate content
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Durability properties.

The durability performance is reflected by the frost resistance performance. Figure
9 shows the changes in mass loss rate and dynamic modulus loss rate of concrete after
200 freeze-thaw cycles under different RAP recycled aggregate contents. From the
figure, it can be seen that as the content of RAP recycled aggregate increases, the frost
resistance performance of concrete decreases!'®l. This is mainly because the water
absorption rate of RAP recycled aggregate is usually higher than that of natural ag-
gregate, leading to a worsening of the internal pore structure of the concrete, and a
weakening of the resistance to freeze-thaw damage. The mass loss rate and dynamic
elastic modulus loss rate after freeze-thaw cycles will increase with the increase of
content, and the frost resistance grade will decreasel!”.

6 Conclusion

This study addresses the current situation where a large amount of fine aggregate in
recycled asphalt pavement (RAP) is difficult to utilize efficiently, and carries out
research on the preparation methods and applications of RAP fine aggregate being
reborn as coarse aggregate. The main conclusions are as follows:

(1) The technical path for regenerating coarse aggregate from RAP fine aggregate
was proposed and verified: using the cement curing method, supplemented with
epoxy resin as a binder, RAP fine aggregate with a particle size less than Smm was
successfully agglomerated and granulated into regenerated coarse aggregate. The
surface performance of the regenerated aggregate was further improved through
chemical impregnation reinforcement (water glass, orthosilic acid ethyl ester).

(2) The optimal preparation process for RAP recycled aggregates has been opti-
mized: Based on the results of the L9(3%) orthogonal experiment, taking into account
the crushing value, water absorption rate, and apparent density indicators, the best
process parameter combination was determined to be 30% cement content, 7% epoxy
resin content, and water glass strengthening treatment (A2B3C1). Under these condi-
tions, the performance of RAP recycled aggregates is closer to that of natural aggre-
gates. Range analysis shows that the type of strengthening agent has the most signifi-
cant impact on aggregate performance, followed by the cement content.

(3) The performance of RAP recycled aggregates in concrete was evaluat-
ed: Optimized RAP recycled aggregates were used to replace natural coarse aggre-
gates at different proportions to prepare C30 fine stone concrete. Experimental results
show that with the increase in the amount of RAP recycled aggregates, the workabil-
ity of the concrete (decreased slump), mechanical properties (decreased compressive
and flexural strength) and durability (decreased frost resistance) all showed a deterio-
rating trend. This is mainly attributed to the lower inherent strength of RAP recycled
aggregates, the weak interface transition zone, and the adverse effects of the surface
asphalt film on hydration and bonding.

(4) Determined the reasonable blending range for RAP recycled aggregate: Com-
prehensive analysis of various performance indicators suggests that in C30 concrete,
the volume replacement rate of RAP recycled aggregate should be controlled between
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30%-40%. Within this range, although there is a certain degree of decline in concrete
performance, it can still meet the requirements of some engineering applications,
achieving the resource utilization of RAP fine aggregate.
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