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ABSTRACT: The use of recycled-concrete-aggregate (RCA) in asphalt mixtures is considered a viable
technique from a technical standpoint to provide a solution to the environmental problem of final waste
disposal. Likewise, the use of crumb-rubber-modified asphalts (CRMA) could contribute to this end.
This article evaluated the physical-mechanical behaviour of a hot-mix asphalt (HMA) manufactured
with CRMA and partially replacing the coarse fraction of the coarse aggregate of natural (NA) with
RCA. For this purpose, four HMA mix designs were conducted by Marshall test, considering NA and
RCA, and using as binders an asphalt cement AC 60-70 and CRMA. The mechanical performance was
measured by performing Marshall, Indirect-Tensile-Strength (ITS), resilient modulus (RM), and
permanent deformation. Resistance to moisture damage was also measured by calculating the Tensile
Strength Ratio (TSR). The results show that mixtures with RCA require higher asphalt content. When
replacing NA with RCA, HMA decreases its mechanical strength under monotonic and cyclic loading.
Likewise, its resistance to moisture damage decreases. Contrary to the above, CRMA tends to increase
the mechanical performance of the mixtures. However, the CRMA content used in this study was
insufficient to adequately cover and adhere to the RCA, generating a mix that undergo the worst
performance.
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RESUMEN: La utilizacion de agregados reciclados de concreto (ARC) en la fabricacion de mezclas
asfalticas para pavimentos es una técnica viable para solucionar la problematica ambiental de disposicion
de residuos. Asimismo, el uso de asfalto modificado con grano de caucho reciclado (GCR) podria
contribuir a este fin. Este articulo evalué el comportamiento fisico-mecanico de una mezcla asfaltica
densa en caliente (MDC) fabricada con GCR y sustituyendo parcialmente la fraccion gruesa del agregado
grueso de origen natural (AN) por ARC. Para tal fin, fueron realizados ensayos de caracterizacion de los
materiales. Posteriormente se realizaron cuatro disefios de MDC mediante el ensayo Marshall,
considerando AN y ARC, y utilizando un cemento asfaltico CA 60-70 y modificado con GCR. El
desempefio mecénico se midid realizando el ensayo Marshall, Resistencia a la Traccion Indirecta (RTI),
maodulo resiliente y deformacion permanente. También se midié la resistencia al dafio por humedad
mediante el ensayo RTI en condiciones secas y himedas. Los resultados demuestran que las mezclas con
ARC requieren mayor contenido de asfalto. Al sustituir el AN por ARC, la MDC disminuye su resistencia
bajo carga monotonica, ciclica y resistencia al dafio por humedad. Contrario a lo anterior, el GCR tiende
a aumentar el desempefio mecanico de las mezclas. Sin embargo, el contenido de GCR utilizado en el
presente estudio fue insuficiente para cubrir y adherir adecuadamente los ARC, generando una mezcla
que experimentd el peor desempefio.

Introduction

1.1.Recycled Concrete Aggregate (RCA) — Background

Construction and demolition waste (CDW) is waste obtained from construction, demolition, and civil
works renovation activities. They are mainly composed of concrete, mortar, bricks, wood, ceramics,
plaster, glass, plastics, and excavation soils, among other wastes [1] [2]. In China, approximately 2.36
billion tons of CDW were generated between 2003 and 2013 [3], accounting for 40% of the total
municipal waste in mainland China [4]. In 2016, more than 322 million tons were produced, which
accounted for 34% of all industrial waste in countries in Europe. On the other hand, in Australia and the
United Kingdom, CDW constitutes approximately 44% and 50% of solid waste, respectively [5].

The lack of management and control of these wastes can produce environmental impacts due to i)
reduction of the capacity of landfills and disposal sites; ii) contamination of water sources; iii) use of soil
change, among others [6]. Therefore, appropriate management of CDW is essential to promote the reuse
and recycling of materials to generate a circular economy [7]. Some countries have opted for the reuse
of materials. In the United States, 583 million tons of waste were collected for recycling in 2014.[8],
which represents 26% of total solid waste [4]. In Japan, approximately 98% of the concrete waste is
processed to generate new recycled aggregates for construction [9].

Concrete is one of the most widely used materials in civil construction. Therefore, substantial amounts
of waste are produced from the construction, demolition, and repair activities of civil works [9]. The
treatment, crushing, and size reduction of these wastes lead to obtaining recycled aggregates, which are
referred to as RCA [10] [11]. According to [12], RCA is composed of stone aggregate (between 65% to
70%) and overburden mortar (between 35% to 30%). RCA from CDW is considered a valuable source
of construction material. In this sense, different studies have been conducted to generate the utilization
of RCA in civil construction. One of the applications is the manufacture of HMA asphalt mixtures for
pavement layers. This is because HMA requires large volumes of NA (between 90% and 95% by weight
or between 80% and 90% by volume) [13] [14]. Details of these studies can be found in [15]. Most
studies conclude that the volumetric and strength parameters of mixtures using RCA as aggregates meet
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the quality requirements demanded by asphalt mixtures (mainly on roads with low traffic volumes).
However, given the great heterogeneity of RCA, it is not possible to find a clear trend in the performance
of these materials as aggregates in asphalt mixtures.

Consequently, the results found in the literature differ and may be contradictory. However, in some
studies there is consensus in [15]: i) Asphalt mixtures with RCA require higher asphalt contents
concerning mixtures with NA due to the surface absorption and higher porosity of RCA aggregates. ii)
It has not been possible to establish an optimum percentage of NA substitution for RCA in asphalt
mixtures. [16] recommend a maximum of 30% of RCA in an HMA, since higher values notably increase
the optimum asphalt content in the mix. iii) The fraction of NA to be substituted by RCA should be of
particle sizes greater than or equal to 4.75 mm, which can represent 40% to 50% of the total mass of the
mix. This is mainly because the particles of the fine fraction of the RCA generally have higher absorption
and lower specific gravity than those of the coarse fraction, thus increasing the asphalt binder content.
iv) RCA generally have lower mechanical strength than NA but have beneficial physical-chemical
properties in terms of adhesion and compatibility with the binder (e.g., high calcium oxide content, high
porosity, and surface texture), as well as optimum geometry (e.g., rounded particles with fractured faces
and low content of elongated and flattened particles).

1.2.Crumb rubber modified asphalt — Background

In 1960, the first studies for the development of crumb rubber-modified asphalt - CRMA - were carried
out [17] [18]. The above is to provide a solution to the final disposal of used tires and contribute to the
preservation and conservation of the environment in terms of the final disposal of solid waste [19] [20]
[21]. Two methods allow the incorporation of crumb rubber (CR) in asphalt mixtures [22][23][24]. The
first process is "dry", where the CR particles replace the fine aggregate particles (smaller size between
0.4 to 10 mm) [25]. The second is "wet", where the CR particles are mixed with the asphalt cement at
elevated temperatures (greater than 160 °C) for a time between 45 to 60 min [26][27][28][29]. Generally,
the particle size of CR is less than 2.36 mm. According to ASTM D6114 specification, the minimum
amount by mass of CR is 15%, but the percentage varies from 10 to 20% usually [30]. In this process,
physicochemical processes occur between the original binder and the modifying material (CR particles),
generating higher consistency of the asphalt [31]. Additionally, there are variations in the rheological
characteristics, increasing the viscosity, stiffness, and resistance to fatigue and permanent deformation
of the binder [32][33]. Additionally, other methods allow the incorporation of additives that improve
some characteristics of the mixture (e.g., workability, adhesion, among others) [23] [24]. In general, the
use of CRMA allows the improvement of technical and functional aspects of the mix and the pavement
[34]. In technical terms, resistance to fatigue, permanent deformation, and aging is increased [35] [24]
[36] [37] [38]. Concerning the environment, the use of CRM is considered a way of final and
environmentally correct disposal of enormous quantities of used tires.

1.3.0bjective

Multiple studies have been conducted to evaluate the performance of asphalt mixtures with RCA.
However, few have evaluated the performance of these mixtures manufactured with CRMA. According
to the literature consulted, only [39] and [40] studied the effect of incorporating RCA in HMAs
manufactured with CRMA. [41] replaced 35 and 42% of NA with RCA, and the main objective of the
study was to evaluate the influence of the use of rubberized asphalt on the resistance to moisture damage.
[42], carried out a larger experimental phase (evaluating the performance under monotonic and cyclic
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loading), but they evaluated only a replacement (100% of the NA was replaced by RCA). The present
study seeks to contribute to extending the discussion on the possible use of HMA mixtures manufactured
with RCA and CRMA. Based on the literature review consulted and the research experience of the
research group, it was opted to replace 21% of the NA by RCA (replacement of the particles retained in
1/2"+3/4" sieves) of an HMA-19 (maximum particle size of 19 mm; INVIAS, 2022). A higher
substitution ratio was not chosen, since substituting the fine fraction of the NA by RCA does not generally
achieve good performances in mixtures [15], [43]. Additionally, from a practical point of view, it is easier
to substitute this fraction of aggregates in asphalt plants

2. Materials and methods

The methodological phase of the study was divided into three stages. The first included the physical
characterization of the NA and RCA. Additionally, the characterization of conventional asphalt AC 60-
70 and CRMA. The second stage considered the design of HMA asphalt mixtures with the incorporation
of NA and RCA with conventional and modified asphalt, respectively. The third stage evaluated the
mechanical performance of the asphalt mixtures through monotonic, dynamic, and static load tests.

2.1.Characterization of materials

The NA and RCA (Figure 1) used in this study correspond to aggregates obtained in the city of Bogota
D.C. (Colombia). These aggregates were supplied by companies authorized by the Urban Development
Institute (IDU in Spanish). To characterize the aggregates, tests were conducted to evaluate hardness,
resistance to sulfate attack, cleanliness, particle shape, and specific gravities. Additionally, NA and RCA
particles (diameter of approximately 2 cm) were subjected to observation (between 50 and 1000
magnification) in a scanning electron microscope (SEM) type JEOL JSM 6700F (JEOL, Tokyo, Japan)
with an accelerating voltage of 20 kV in high vacuum at a working distance of approximately 8 to 9 mm.
Micrographs were taken with a backscattered electron detector (BSE).

goregate (RCA)

veled Cgiler
Figure 1 NA and RCA particles.
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The asphalts used were an AC 60-70 asphalt cement classified by penetration (dmm) and a CRMA type
Il [44]. These asphalts were supplied by the company Manufacturas y Procesos Industriales PMI of
Colombia. Conventional physical characterization and viscosity tests were performed on both binders to
determine the manufacturing and compaction temperatures of the asphalt mixtures.

2.2.Asphalt mix design

Four mix designs were performed using the Marshall test (AASHTO T 245) to determine the optimum
asphalt content (OAC). The mixtures were denoted as i) HMA NA+AC 60-70 (control mix,
manufactured with NA and unmodified AC 60-70); ii) HMA RCA + AC 60-70 (a mix that replaced
1/2"+3/8" particles of NA with RCA and used unmodified AC 60-70); iii) HMA NA+CRMA (mix
manufactured with NA and CRMA-type modified binder); iv) HMA RCA+CRMA (mix that replaced
1/2"+3/8" particles of NA with RCA and used CRMA-type modified binder). In each mix design, four
asphalt contents 5.0, 5.5, 6.0, and 6.5% of the total mix mass were tested. Each sample was manufactured
by compacting it with 75 blows on both sides. The manufacturing and compaction temperature of the
mixtures with AC 60-70 corresponds to 150 °C and 140°C, respectively. This was based on the asphalt
Equiviscous method. For the CRMA mixtures, the manufacturing and compaction temperatures were
160°C and 170°C, respectively, based on the manufacturer's recommendations. For each mix design, 12
samples were manufactured (three samples for each asphalt content).

The particle size distribution of the mixtures is shown in Figure 2 (INVIAS, 2022). For the mixtures with
the incorporation of RCA, the coarse fraction (1/2"+3/8" sieves) of the NA was partially substituted,
which corresponds to 21% of the total mass of the aggregates. This substitution percentage was chosen
based on the literature review consulted and on previous studies conducted by the research group [15],
[45]. In addition to the OAC, the parameters of volumetric composition (voids with air - Va, voids in the
mineral aggregate - VMA, voids filled with asphalts - VFA) and mechanical strength under monotonic
loading (stability - S, flow - F and S/F ratio) were obtained.
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Figure 2. Particle size distribution of HMA

2.3.Mechanical resistance tests

2.3.1. Indirect Tensile Strenght — ITS

For the four asphalt mixtures, the ITS test was performed under dry and wet conditions. Each sample
was subjected to a press under monotonic loading (at 50 mm/min) until the maximum breaking load was
reached. The test temperature was 25°C. In the wet condition, the simples were subjected to 60°C and
25°C in a water bath for 24 and 2 hours, respectively. This procedure is mainly adopted in tropical
countries where the freezing of pavements does not occur. The ITS values reported correspond to the
average of three replicates. Additionally, the Tensile Strength Ratio - TSR (ITS in wet conditions/ITS in
dry conditions) was determined as a percentage, to analyze the susceptibility to moisture damage.

2.3.2. Resilient modulus'and permanent deformation tests

For all the study mixtures, resilient modulus (RM) tests by diametral compression (ASTM D 4123-82)
and permanent deformation (AS 2891.12.1-1995) were performed in a Universal Testing Machine - UTM
(Figure 3). To determine the RM, a cyclic load of 1200 N under load frequencies of 2.5, 5.0, and 10 Hz
at a temperature of 20 °C was used. The frequencies correspond to loading periods of 0.4, 0.2, and 0.1 s,
respectively. For the case of the permanent deformation test, an axial load producing a controlled stress
of 100 kPa was applied for 7200 cycles. The loading frequency was 1 Hz (0.1 s corresponding to the load
application time and 0.9 s to the unloading time) at a temperature of 20 °C, which corresponds to the
laboratory temperature. As a result, the evolution curve of the permanent deformation with time was
obtained. In all the tests described, the values reported correspond to the average of three repetitions.
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Figure 3. UTM for Resilient modulus (left) and permanent deformation tests (right).

2.3.3. ANOVA analysis

An analysis of variance (ANOVA) with a confidence level of 95% was performed to evaluate whether
the variations in the results are statistically significant (FT>fo0s). This made it possible to conclude
whether the variations in the mechanical properties can be attributed to the presence of RCA or NA
aggregates, as well as to the use of AC 60-70 or CRMA.

3. Results

3.1.Characterization of materials

Figures 4a and 4b show the surfaces of the NA and the mortar bonded to the RCA, respectively, observed
in the SEM. It is observed that the RCA-bonded mortar shows higher porosity compared to the NA. Table
1 shows the elemental chemical composition of the NA and RCA bonded mortar determined in the SEM.
It is observed that the bonded mortar has a similar chemical composition to cement and higher Ca/Si
content concerning the NA, which may help to increase compatibility with the asphalt binder and improve
bonding [46], [47].
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Figure 4. a) NA and b) RCA surface

Table 1. Elemental composition of particles based on SEM

Element C o] Ca Mn Si Al Fe Mg K Ti
Adhered mortar 16.14 5187 1532 0.16 1212 3.10 087 028 015 -
NA - 4830 0.33 - 4126 282 632 038 032 0.27

Table 2 shows the results of the physical characterization of the NA and RCA. It is evident that: i) The
RCA presented lower wear resistance in the Angels machine and Microdeval concerning the NA. This
is mainly attributed to the high surface porosity and to the detachment of the coating mortar, which is
fragile and brittle. Additionally, the bonded mortar can be detached by the cracks between the mortar
and the NA of the RCA (Figure 5); ii) concerning wear in the soundness test, the RCA presented a higher
value than the NA, which is attributed to the high detachment of the coating mortar during the test; iii)
The values of elongation and flattening indexes can be considered relatively low, which can be deduced
that there is a predominance of cubic-shaped particles. This may be the result of the crushing and size
reduction process of the RCA during its recycling process, which is evidenced by the results of the
fractured faces test; iv) the RCA reports a higher value of absorption percentage to the NA. This will
generate a higher consumption of asphalt binder in the mix [48], and in conjunction with the presence of
the mortar promote low specific gravity values [15].
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Figure 5. Cracking in the interface between the adhered mortar and the NA del RCA.

Table 2. Results of the aggregates NA 'y RCA

Characteristic Test NA RCA Specification
Abrasion loss (%) AASHTO T96 2002 24.6 31.3 Max 25%
Micro-Deval (%) AASHTO T327 2005 115 26.1 Max 20%
Soundness by magnesium sulfate (%) AASHTO T 104 1999 8 29.5 Max 18%
Sand equivalent (%) AASHTO T 176 2002 86 NA Min50%
Methylene blue (ml/g) ASSHTO T 330-2007 2 NA Max 10
Flat and elongate particles (%) NLT 354-1991 15/18 12/11
Fractured faces ASTM D 5821-2001 86.9 94.1 Max 85
Specific gravity coarse (real/bulk) AASHTO T 85 1991 2.65/2.60 2.41/2.15
Absorption coarse (%) AASHTO T 85 1991 0.8 3.9
Specific gravity coarse fine (real/bulk) AASHTO T 84 1991 2.64/2.58 NA
Specific gravity filler AASHTO T 85 1991 2.71 NA

Table 3 shows the results of the asphalt binder characterization. Logically, the values reported in the tests
show greater consistency and stiffness of the CRMA binder due to the incorporation of rubber particles
into AC 60-70. Both binders meet the requirements for the manufacture of HMA mixtures.

Table 3. Results of physical characterization tests of the AC 6070 and CRMA Type Il

. AC 60-70 CRMA Type Il
Test Method Unit Result Recommended Result Recommended
Tests on the original asphalt

Penetration 25°C, 100 g, 55 (0.1 mm) ASTM D-5 0.1lmm 67 60-70 38 25-75
Penetration 4°C, 200 g, 60 s (0.1 mm) ASTMD-5 - - e 20 15 min
Softening point (°C) ASTM D36-95 °C 48.9 48-54 77.6 54 min

Viscosity 60°C (Poises) ASTM D-4402  Poises 2581 1500 min~ ---- -
Viscosity 175°C ASTM D 6114 ---—- - e 4.6 1.5-5.0

Ductility 25°C, 5cm/min (cm) ASTM D-113 cm 130 100 min - -
Flash and fire points (°C) ASTM D-92 °C 296 230 min 280 230 min
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. AC 60-70 CRMA Type Il
Test Method Unit Result Recommended Result Recommended
Tests on the after RTFOT (Rolling Thin Film Oven Test)
Mass loss (%) ASTM D-2872 % 0.63 08max - -
Penetration, in % of original penetration ASTM D-5 % 53.8 50 min 80 75 min
Increase in the softening point (°C) ASTM D36-95 8.8 0.8max - -

3.2.Design of asphalt mixtures using the Marshall test

The results of the Marshall test are shown in Figures 6 to 11 and Table 5. The mixtures with RCA showed
an increase in Va and a reduction in VMA, and VFA for the mixtures with NA. This is mainly attributed
to the higher absorption and porosity of RCA (Table 1 and Figure 4), which generates a reduction of the
asphalt coating layer on the aggregates. Likewise, the substitution by mass of NA for RCA results in a
greater number of particles and consequently a larger surface area to cover with asphalt [49], [50], [51].
This is because RCA particles have lower specific gravity than NA. Similar results were also found in
other studies [52], [53], [54], [55] [56] [55] [16] [57] [58] [41] [12][59] [60] [61][62][43][48] [45].
Additionally, the mixtures with CRMA presented higher Va values and lower VMA and VFA than the
mixtures with AC 60-70. This is mainly due to the higher stiffness and viscosity of CRMA to AC 60-70,
making the mixing and compaction process more difficult.
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Figure 6. Variation of VVa with the conventional and modified asphalt content for mixtures with NA
and RCA.
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Figure 8. Variation of VFA with the conventional and modified asphalt content for mixtures with NA
and RCA.

On the other hand, mixtures with RCA present lower S/F ratio values concerning mixtures with NA.
With RCA, the mixtures tend to be more deformable (higher F), which can be attributed to the lower
performance of RCA in the physical characterization tests (lower resistance to abrasive wear and particle
fracture for NA), mainly due to the presence of the adhered mortar, which is fragile and brittle. With
CRMA, even though these mixtures present higher porosity (higher VVa), they undergo higher resistance
under monotonic load (higher S/F), due to the increase in consistency, stiffness, and viscosity of the

modified asphalt.
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The FT results obtained from the ANOVA analysis are presented in Table 4. In general, when comparing
the Marshall test parameters of the mixtures with NA and RCA using AC 60-70, it is evident that the
general trend is not to show significant variations (FT < fo.0s =7.708), except for: Va, VAM with 5.5%
asphalt binder; VFA with 5.5% and 6.0% asphalt binder; F with 5.0% and 6.5% asphalt binder; and S/F
with 6.0% asphalt binder. In other words, the general trend is that the studied RCAs do not result in
significant changes compared to the NAs when using AC 60-70. In contrast, when using CRMA, the
variations tend to be significant (FT > fo.0s =7.708), except for the S/F ratio when using 5.0%, 5.5% and

6.5% of CRMA.
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Figure 9. Variation of Marshall Stability with the conventional and modified asphalt content for
mixtures with NA and RCA.
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Figure 10. Variation of Marshall Flow with the conventional and modified asphalt content for mixtures
with NA and RCA.
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Figure 11. Variation of S/F with the conventional and modified asphalt content for mixtures with NA
and RCA.
Table 4. FT value for ANOVA analysis para evaluar la influencia de los agregados.
Marshall Parameters AC 60-70 CRMA
Asphalt (%) 5.0 55 6.0 6.5 5.0 55 6.0 6.5
Va (%) 2.61 94.12 7.60 3.44 38.23 32.25 126.92 81.71
VAM (%) 1.69 50.02 5.22 2.67 42.22 36.50 145.92 93.99
VFA (%) 2.93 112.97 9.31 3.38 50.10 23.17 93.43 73.31
S (kN) 2.65 0.59 0.96 0.18 14.72 59.41 7.68 132.91
F (mm) 11.71 2.63 5.46 29.18 38.20 148.60 98.14 24.97
S/F (KN/mm) 0.18 1.08 2.92 8.99 4.79 14.86 4.34 0.04

Based on the Marshall test and the design criteria of the INVIAS specification (INVIAS 2022), the OAC
of the HMA NA+AC 60-70 and HMA NA+CRMA mixtures is 5.0%. A higher content was not chosen
in order not to increase the economic costs of pavement projects. For the mixtures with RCA (HMA
RCA + AC 60-70 and HMA RCA+CRMA), it was found that the Va value is higher than that established
in the specification and increases significantly in the mix with CRMA. Additionally, the HMA
RCA+CRMA mixture does not comply with VFA. Therefore, the OAC of 5.5% for these mixtures was
obtained based on the higher S and S/F. It is highlighted that the RCA mixtures require higher asphalt
binder contents due to their high absorption, porosity, and surface area [63] [64] [55] [65][55] [61].

Table 5. Marshall test results

Marshall HMA NA+ HMARCA+AC HMA HMA Specification
Parameters AC 60-70 60-70 NA+CRMA RCA+CRMA
OAC (%) 5.0 55 5.0 55 -

Va (%) 5.0 5.9 6.0 9.6 3-6
VMA (%) 16.8 18.2 17.0 21.4 15 min
VFA (%) 68.3 67.3 65.0 55.1 65-78

S (kN) 155 14.2 13.1 17.3 9 min

F (mm) 3.5 4.9 2.2 4.6 20-35
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S/F (kN/mm) | 4.4 2.9 6.0 3.7 3.0-6.0

3.3. ITS test results

The results of the ITS test in dry and wet conditions are shown in Figure 12. In wet conditions, the ranges
of values obtained in the mixtures with NA and RCA presented similar values for the two asphalts
studied. The ANOVA analysis reported no significant changes (FT=2.330>f005=7.708). The HMA
RCA+CRMA presented higher ITS reduction, which originated from high VVa and the reduction of VFA.
However, when AC 60-70 was used, they undergo less ITS loss, possibly due to the physical-chemical
interactions between the residual cement and the RCA particles. Some researchers [5] [66] report that
the presence of calcium (CaO), aluminum (Al203) and silicon (SiO2) oxides promote pozzolan
characteristics in concrete and may contribute to the adhesion in the asphalt mixture. Also, the contact
of water with the bonded cement in RCAs could activate their self-cementing properties and favor
adhesion with the asphalt binder [61]. That is, there is no clear behavior of the mixtures with RCA
incorporation since the ITS decreased when using CRMA and increased when using AC 60-70,
concerning the dry condition. These behaviors were also contrary to those of the mixtures with NA.
Therefore, it is possible to show that the RCA produces different effects in the mixtures considering the
two asphalts studied, which can be attributed to the high heterogeneity of the RCA.

In dry conditions, the mixture with RCA presented lower ITS values than the mixture with NA, which
may be attributed to the increase in Va and decrease in VFA. However, when CRMA was used, the
mixtures showed the opposite behavior, despite having a high Va (6.9%). This can be attributed to the
fact that the mixtures with modified asphalts of higher consistency and viscosity provide high ITS values,
which was also evidenced by the increase in Marshall resistance. Thus, the HMA RCA-CRMA presented
ITS values similar to the control mix (HMA AN+AC 60-70).
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Figure 12. ITS test results

To analyze the water susceptibility of the asphalt mixtures, the TSR was determined (Figure 13). With
conventional AC, the tendency of the mix with RCA (HMA RCA+AC 60-70) was to increase the
resistance to moisture damage (increased TSR to the HMA NA+AC 60-70). This was mainly because
the AC adhered better to the porous surface of the RCA compared to the NA. In addition, the mortar
adhered to the RCA has a more compatible chemical composition than the NA in terms of adhesion (it
has a higher Ca/Si ratio). Despite the above, when CRMA was used, the performance was different. It is
observed that the HMA RCA+CRMA mixture presents the lowest resistance to moisture damage. In this
case, the CRMA did not cover the RCA well enough. Perhaps this mixture needs a higher content of
effective CRMA or AC (remember that in CRMA, 15% is CR and 85% AC). The above generated the
development of higher Va and lower VFA content in the mix. The lack of an effective binder in this mix
could have produced a reduction of adhesion and cohesion, as was also evidenced in the S/F Marshall
results. Contrary to the above, the mix with NA and CRMA (HMA NA+CRMA) undergo the highest
resistance to moisture damage. In this case, the effective binder of the CRMA was sufficient to adhere
better to the NA particles, which had much lower porosity and surface absorption than the RCA.
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Figure 13. TSR results.

3.4.Resilient modulus

The results of the RM test are shown in Figure 14. Mixtures with RCA significantly decrease the RM
concerning those made with NA. For the frequency range analyzed, the reductions correspond to
approximately 1200 MPa and 2300 MPa with AC 60-70 and CRMA, respectively. This is consistent with
the results obtained from the Marshall test. Additionally, the lower performance of the RCA compared
to the NA in the characterization tests could have led to a decrease in the RM. Thus, it is possible to show
that the HMA RCA+CRMA generated a greater reduction in RM, which is mainly associated with the
higher Va. These results are also consistent with those found in the literature, which reports RM reductions
of the blends with RCA [67] [68] [1], [61] [48].

On the other hand, mixtures with NA presented similar RM values, regardless of the asphalt used. The
ANOVA results showed that there were no significant changes (FT=0.003<fo.0s =7.708). This behavior
occurred although the HMA NA+CRMA presented higher Va for the control mix (HMA NA+AC 60-
70). Perhaps the possible decrease in RM that would be expected from the mixture with CRMA as a
result of its higher Va, was compensated by the increase in stiffness of the modified binder.
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Figure 14. Resilient modulus at 20.°C

3.5.Permanent deformation

The results of the permanent deformation test are presented in Figure 15. In general, the use of RCA in
the mixtures decreased the resistance to permanent deformation. These results are consistent with the S/F
ratio and RM and with the explanations given above.

Regarding the performance of the mixtures with NA, the mixtures with CRMA presented greater
resistance to permanent deformation. This is attributed to the increased consistency and stiffness of
CRMA, according to the tests obtained in the physical characterization stage of the binders. This behavior
was also evidenced in the mixtures with RCA, which indicates that CRMA contributes significantly to
the increase in the resistance to permanent deformation.

On the other hand, regardless of the type of asphalt, there is a clear difference in the trend of the
deformation curves when using RCA and NA. That is, the mixtures with NA showed a stabilization of
the permanent deformation value in the first 1000 load cycles. However, the mixtures with RCA did not
show stabilization of the permanent deformation value during the applied cycles. This indicates that
during the execution of the test, the degradation of the RCA coating mortar can be generated (Figure 5),
despite the increase in the OAC. This is associated with the reduction of the abrasion resistance in the
angel machine and the Micro-Deval apparatus of the RCAs. These results are also consistent with those
evidenced in the literature, where the resistance to permanent deformation of the blends with RCA
decreased about the blends with NA [48] [59], [69] [65] [16] [1]. Based on the final deformation results,
the ANOVA statistical analysis indicates that the mixtures with RCA exhibit significant variations when
using AC 60-70 (FT = 1.40 x 107 > f0.0s=7.708) and CRMA (FT=1.91 x 10" < fo.05=7.708)
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Figure 15. Permanent deformation test at 20 °C

4. Conclusions

This study analyzed the physical-mechanical behavior of an asphalt mixture that partially replaced the
coarse fraction of the NA with RCA (21% about the weight of aggregates). For this purpose, the mixtures
were subjected to strength tests under monotonic and cyclic loading. Likewise, AC 60-70 and CRMA
were used as binders. Based on the results obtained, it is concluded:

The RCA showed lower mechanical performance than the NA in the characterization tests (lower
resistance in the Los Angeles machine, Micro-Deval, and resistance to sulfate attack). It also presents
lower specific gravity, higher porosity, and absorption than the NA, mainly attributed to the bonded

mortar.

The above increased OAC while decreasing the mechanical performance of the HMA mix in the tests
evaluated.

The RCA decreased the S/F ratio, the resilient modulus, and the resistance to moisture damage and
permanent deformation.

On the contrary, CRMA tends to increase the mechanical performance of the mixtures. However, the
OAC used in the present study was insufficient to adequately cover and bond the RCA. It was also
insufficient to cohesion the asphalt mix. For this reason, the mix manufactured with RCA and CRMA
had higher Va content and lower VFA, showing the worst performance (low S/F ratio, lower resilient
modulus, and resistance to moisture damage).

Therefore, it is recommended that in future studies: i) optimize the mix design by providing the adequate
amount of CRMA to meet the volumetric parameters (Va, VMA, VFA); ii) Design a mix by substituting
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NA with RCA on a volume basis (this method may be more appropriate for materials with different
specific gravities, as in this case); iii) Perform surface treatments on the RCA to reduce its porosity,
thereby decreasing the CRMA content.

From a practical standpoint, the use of RCA could be suitable for constructing asphalt layers in
pavements subjected to low traffic volumes. As for CRMA, a more extensive experimental phase should
be conducted (especially to optimize the mix design) to assess its performance under various traffic and
climate conditions.

Additional tests should be conducted with the aim of analyzing the behavior of asphalt mixtures
incorporating RCA using both conventional and modified asphalts. It is recommended to evaluate fatigue
resistance and fracture tests to assess cracking resistance at low and intermediate temperatures, which
should be validated with full-scale tests or trial sections to provide recommendations based on traffic
levels. Furthermore, surface treatments with additives for the RCAs should be evaluated to analyze the
aggregate-asphalt interface, with the goal of reducing the optimal asphalt content in the mix and
improving the cohesion and adhesion of the mixture. Technical, economic, and environmental analyses
considering the life cycle of pavements should be carried out to compare the performance of pavements
with RCA-based asphalt mixtures against those with NA.
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