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Abstract: The present study evaluated the mechanical performance of a warm-mix asphalt (WMA) by partially 
replacing the coarse fraction of natural aggregates (NA) with recycled concrete aggregates – RCA. To manufacture 
the WMA, a sodium silicate (SS) was used to modify and foam the asphalt cement (AC). SS is presented as a 
novel additive that has not been investigated by the technical and academic community. Based on penetration 
and softening point tests carried out on modified AC in different proportions (SS/AC=0.25, 0.50, 0.75, 1.0, 1.25, 
1.50% by mass), a content of SS/AC=1% was defined as optimum. Viscosity tests, rheological characterization, 
and Scanning Electron Microscope (SEM) observations were performed on the modified and unmodified AC. 
Marshall, Indirect Tensile Strength – ITS, resilient modulus, permanent deformation, fatigue, and Cantabro tests 
were carried out on the asphalt mixtures. The SS allows a 20°C reduction in the mixing temperature, generating 
WMA mixes that exhibit similar or even better performance compared to the Control HMA. The mixes with RCA 
exhibited higher resistance in the Marshall test and similar resistance to permanent deformation with respect to 
the Control mix, but lower resistance to indirect tension, raveling, fatigue and moisture damage.

Keywords: Warm-Mix asphalt; WMA; Sodium silicate; Hot-mix asphalt; HMA; Recycled concrete aggregate; RCA.

Resumen: El presente estudio evaluó el desempeño mecánico de una mezcla asfáltica tibia (MAT) remplazando 
parcialmente la fracción gruesa del árido natural (AN) por árido de hormigón reciclado – ACR. Para fabricar la 
MAT, se utilizó un silicato de sodio (SS), el cual espumó y modificó el cemento asfáltico (CA). El SS se presenta 
como un aditivo novedoso que no ha sido investigado por la comunidad técnica y académica. Con base en 
ensayos de penetración y punto de ablandamiento realizados sobre el CA modificado en diversas proporciones 
(SS/CA=0.25, 0.50, 0.75, 1.0, 1.25, 1.50% en masa) se definió un contenido de SS/CA=1% como óptimo. Sobre el 
CA modificado y sin modificar se realizaron ensayos de viscosidad, caracterización reológica y observaciones en 
un microscopio electrónico de barrido (MEB). Sobre las mezclas asfálticas se llevaron a cabo ensayos Marshall, 
Resistencia en Tensión Indirecta – RTI, Cantabro, módulo resiliente, deformación permanente y fatiga. El SS 
permite disminuir la temperatura de mezcla en 20°C, generando MATs que experimentan similar e incluso mejor 
desempeño en ciertas propiedades comparada con la MDC de Control. Las mezclas con ACR exhiben mayor 
resistencia en el ensayo Marshall y similar resistencia a la deformación permanente con respecto a la mezcla de 
control, pero menor resistencia en tensión indirecta, al desgaste Cantabro, a la fatiga y al daño por humedad.

Palabras clave: Mezcla asfáltica tibia; MAT; Silicato de sodio; Mezcla densa en caliente; MDC; Árido de hormigón 
reciclado; ACR.
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1. INTRODUCTION

The current trend in road projects is to use environmentally friendly materials. During the construction 
of asphalt layers, hot-mix asphalts (HMA) are generally used. This material has a negative impact on the 
environment since it uses high temperatures during its manufacture and compaction, requiring high 
energy consumption and the use of fuels that generate greenhouse gas emissions and air pollutants 
(1–6). At the same time, HMAs use naturally occurring aggregates (NA) whose exploitation also affects 
the environment (e.g., water and air pollution, deforestation, erosion, loss of fertile soil, modification 
of relief, visual impact). To reduce these environmental impacts, the use of additives and industrial 
techniques to reduce manufacturing and compaction temperatures (e.g., warm-mix asphalts – WMA) 
is promoted, as well as the use of alternative materials from recycling (e.g., construction and demolition 
wastes – CDW, recycled concrete aggregates - RCA, blast furnace slags, reclaimed asphalt pavement 
– RAP, steel slags) as a replacement for NA (7–12). The above, always trying to match or improve
the mechanical performance of the resulting asphalt mix with respect to traditional HMA mixtures
(4, 13–16).

A widely used technique to produce WMA consists of foaming the binder (foaming-based WMA 
techniques) to facilitate the covering of aggregates, optimizing the workability and compaction of the 
asphalt mix while decreasing the manufacturing temperature and promoting sustainable development 
(3, 17, 18). Organic or chemical additives and various industrial techniques can be used for this purpose 
(15). Zeolite-type additives widely known and used are Advera® (sodium aluminum silicate hydrate) 
and aspha-min® (natrium-aluminum silicate) (17, 19). Both hydrothermally crystallized additives 
contain a small amount of water (between 18 to 22% by mass), which is released at temperatures 
above 85°C when mixed with the binder for foaming (20, 21). An additive like those mentioned is 
sodium silicate (SS) or liquid Na2SiO3 (commonly called water glass). This is produced when Na2CO3 
(sodium carbonate) is chemically reacted with SiO2 (silicon oxide) and water is added. It is an alkaline 
material (PH>10), whose approximate density varies between 1300 and 1.600 kg/m3 (20°C), containing 
concentrations of Na2SiO3 between 35%-45% and water between 55%-65%. The molar concentration 
of SiO2/Na2O ranges from 1.5 to 4.0. Increasing this ratio lowers the pH and raises the viscosity. The 
literature describes it as an inorganic material or substance that is hydrophobic, a corrosion inhibitor 
and alkalinity controller (22), environmentally friendly, non-toxic and non-harmful, non-flammable, 
non-explosive, and cost-effective (23–27). It has high bonding strength, good acid resistance, and heat 
resistance (28), is impermeable upon hardening, has good bonding ability (29), and good adhesive 
properties (30). It has been extensively studied in concretes to decrease air-entrained voids, as a 
setting accelerant and waterproofing agent (28, 31, 32). It has also been used in geopolymerization 
technology (33) and to stabilize soils (34–37). On the other hand, SiO2 present in SS is a versatile and 
valuable component that provides chemical stability, is used as a binder in various applications, highly 
heat resistant, relatively safe for the environment, non-toxic, and could be useful for improving the 
rheological properties of asphalt binders at high temperatures, increasing stiffness under monotonic 
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and cyclic loading and resistance to moisture damage of asphalt mixtures (38–40). Regarding Na2O, 
its effects on the properties of binders and asphalt mixes have not been identified in the reference 
literature. However, Na2O provides alkalinity (41) and improves the shear strength of glass (42).

On the other hand, RCA is a widely studied material as a replacement for NA in various road projects 
and comes from CDW (43, 44). This residue is found in high quantities, as concrete is one of the most 
widely used materials in construction projects (45, 46). According to Al-Bayati et al. (47), it is generally 
composed of NA (between 65% to 70%) and coating mortar (between 30% to 35%). According to Le 
and Bui (48), the lack of control and management of this waste reduces the capacity of landfills and 
disposal sites, contaminates water sources, changes land use, and does not help promote the reuse 
and recycling of materials to generate a circular economy (49). In the case of HMA, RCA is reported 
as a promising material to decrease NA exploitation and consumption (reducing CO2 emissions; 
50). They are also promoted as materials that offer economic, environmental, and social benefits  
(51, 52). Most studies using RCA instead of NA find that the volumetric and strength parameters of 
RCA mixes meet quality requirements for roads with low traffic. Regarding performance and durability 
aspects, the reference literature is contradictory in reporting the influence of RCA. This is mainly due 
to the heterogeneous nature of this alternative material (11, 53). Some consensuses found in the 
literature are (50, 52, 54, 55): (i) RCA promotes increased binder content in mixtures due to higher 
surface porosity; (ii) an optimal percentage of RCA in asphalt mixtures has not been established; iii) 
It is generally recommended to replace the coarse fraction of NA with RCA (the fine fraction of RCA 
generally has a lower specific gravity, higher absorption and lower strength than the coarse fraction, 
thus increasing the asphalt binder content); iv) RCA show lower mechanical strength than NA, but 
have beneficial physicochemical properties in terms of adhesion and compatibility with the binder 
(e. g., high CaO content, high porosity and surface texture), as well as optimal geometry (e.g., angular 
particles and low content of elongated and flattened particles).

The main objective of the present study was to evaluate the performance of a WMA produced with a 
binder modified with a novel low-cost commercial additive such as SS, which has not been investigated 
(no studies on the use of SS as an asphalt binder modifier are reported in the literature), and in that 
sense, it is a contribution to the state of knowledge on the subject. Another objective of the study 
was to evaluate the performance of WMA by partially replacing the coarse fraction of NA with RCA. 
This was done to obtain a more environmentally friendly sustainable asphalt mix. In the case of RCA, 
its usage as a partial replacement for NA in WMA has been gaining attention in the literature and is 
considered a viable alternative to increase sustainability (8). The understanding and design of asphalt 
mixes containing RCA to meet desired performance properties still pose various challenges and 
uncertainties for the technical and academic community (52), and these uncertainties are greater for 
the case of WMA mixtures incorporating RCA, as they have been less studied (the literature reports 
few case studies; (9, 10)), and have not yet been widely used in the industry (8). To meet the proposed 
objectives, an experimental phase was initially designed and carried out to find the optimum SS 
content of the modified asphalt binder. Viscosity tests, rheological performance, and visualizations 
in a scanning electron microscope (SEM) were performed on the modified binder. The decrease in 
temperature to manufacture WMA was obtained by performing Marshall, ITS, and Cantabro tests on 
asphalt mixtures manufactured with the modified binder. HMA and WMA were then manufactured 
by partially replacing the coarse fraction of the NA with RCA, and properties under monotonic loading 
(Marshall and ITS tests), cyclic loading (resilient modulus - RM, resistance to permanent deformation 
and fatigue under stress-controlled), resistance to moisture damage (calculating the Tensile Strength 
Ratio – TSR parameter) and abrasive resistance (Cantabro test) were evaluated on these mixtures. To 
evaluate whether SS and RCA generated statistically significant changes in the properties evaluated, 
an ANOVA analysis of variance (F-test) with 95% confidence was performed (for the analysis, FT>F0.05 
means that the change in the measured parameter was statistically significant).
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2. MATERIALS AND METHODS

2.1. Materials

The asphalt binder type AC 60/70 (penetration range in dmm; ASTM D5) was supplied by MPI 
(Manufacturas y Procesos Industriales) and its properties are shown in Table 1.

Table 1. Asphalt binder properties.

Test Unit Method Result Recommended

Penetration 0.1 mm ASTM D5 61.3 60 – 70

Softening point °C ASTM D36 48.8 48 – 54

Penetration Index - NLT 181 -1.034 -1.2 to +0.6

Specific gravity - AASHTO T 228 1.024 -

Viscosity (135°C) P ASTM D 4402 7.50 4 minimum

Ductility (25°C, 5cm/min) cm ASTM D113 135 100 minimum

Flash and fire points °C ASTM (2001a) 290 230 minimum

After rolling thin film oven test – RTFOT

Mass loss % ASTM D2872 0.25 0.8 maximum

Penetration (after RTFOT/neat) % ASTM D5 80.2 50 minimum

Increase in softening point °C ASTM D36 2.6 9 maximum

The NA and RCA (Figure 1) come from companies authorized by the Instituto de Desarrollo Urbano (IDU) 
in Bogotá (see properties of both materials in Table 2). RCA has lower resistance to abrasive wear and 
fracture than NA. This is mainly due to the higher porosity of the RCA surface and to the detachment 
of the adhered mortar, which is fragile and brittle (53, 54). Regarding disintegration in the soundness 
test, the RCA presented a value higher than the NA, which is attributed to the high detachment of the 
coating mortar during the test. The values of the elongation and flattening indices can be considered 
relatively low, inferring that there is a predominance of cubic-shaped particles. This may be a result of 
the crushing and size reduction process of the RCA during its recycling process, which is evidenced in 
the fractured particle test results. The RCA reports a higher value of absorption percentage than the 
NA. This will generate a higher consumption of asphalt binder in the mix (56), and in conjunction with 
the presence of mortar will promote low specific gravity values (54).

Figure 1. a) NA and b) RCA particles.

a) b)
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Table 2. Aggregate properties.

Test Method Recommended NA RCA

Specific gravity (coarse aggregate) AASHTO T 85 - 2.623 2.477

Absorption (coarse aggregate) AASHTO T 85 - 1.78% 3.92%

Specific gravity (fine aggregate) AASHTO T 84 - 2.580 -

Absorption (fine aggregate) AASHTO T 84 - 1.72% -

Soundness (magnesium sulphate) AASHTO T 104 18.0% maximum 3.7% 22.2%

Fractured particles (1 side) ASTM D5821 85% minimum 95.1% 100%

Flat and elongated particles ASTM D 4791 10% maximum 8.7% 2.1%

Abrasion in Los Angeles machine AASHTO T 96 25% maximum 21.1% 31.7%

Micro-Deval AASHTO T 327 20% maximum 17.6% 25.2%

10% of fines (dry resistance) DNER-ME 096 110 kN minimum 129.0 kN 107.3 kN

10% of fines (wet resistance) DNER-ME 096 82.5 kN minimum 115.2 kN 91.3 kN

10% of fines (wet/dry ratio) DNER-ME 096 75% minimum 89.3% 85.1%

The surfaces of the NA and mortar adhered to the RCA were observed in a SEM (JEOL JSM-6700F) 
with a working distance of approximately 4 to 9 mm, accelerating voltage between 4 to 20 kV, and 
magnifications between 500 and 40,000 (Figures 2a and b, respectively). The elemental chemical 
composition was also determined on these surfaces (Table 3). The surface of the mortar bonded to 
the RCA shows higher porosity and roughness than that of the NA. In addition, the adhered mortar 
has a chemical composition like cement and a higher Ca/Si content than the NA. All the above could 
help increase compatibility with the asphalt binder and improve adhesion (57, 58). Despite the above, 
SEM visualizations show that the adhered mortar can detach due to the presence of cracks and micro-
cracks in the RCA (11, 53, 55; Figure 3).

Figure 2. SEM observations: a) NA and b) RCA surface.

Table 3. Elemental composition of particles based on SEM.

Particle C O Ca Mn Si Al Fe Mg K Ti

Adhered mortar 16.14 51.87 15.32 0.16 12.12 3.10 0.87 0.28 0.15 -

NA - 48.30 0.33 - 41.26 2.82 6.32 0.38 0.32 0.27

The SS was supplied by Químicos Campota y CIA. LTDA in Bogotá and is sold over the counter (cost 
approximately US$ 2.9/liter). It is an alkaline liquid chemical (PH=12) of a transparent grayish color. 
At 20°C its density and viscosity are 1.49 g/ml and 758 cP, respectively. The ratio SiO2/Na2O = 2.4 
(SiO2=31.8% and Na2O=13.2%, approximately).

a) b)
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Figure 3. Fissures and microcracks in the adhered mortar.

2.2. Modified asphalt binder

To initiate the modification process of AC 60/70, SS was placed on its surface at laboratory room 
temperature (Figure 4a). The SS/AC ratios were 0.25, 0.50, 0.75, 1.0, 1.25, and 1.50% with respect to 
mass. These ratios were chosen by trial and error and considering recommended percentages with 
other water-bearing additives (e.g., Aspha-min® and Advera®; (16, 17, 59). As a second step, both the 
binder and SS were heated using a laboratory stove and both materials were mixed when AC 60/70 
reached its softening point. At approximately 80°C, the SS foamed the binder (Figure 4b), and under this 
temperature, the mixing process was continued with a laboratory spatula for a short time (30 seconds) 
to avoid losing the foaming process. In addition, under real production conditions in an asphalt plant, 
the SS must be added at the same instant that the aggregates are mixed with the binder.

Figure 4. a) SS on its binder surface; b) foaming of the binder at 80°C.

Softening point (ASTM D36) and penetration (ASTM D5) tests were performed on modified (SS/
AC=0.25, 0.50, 0.75, 1.0, 1.25, and 1.50%) and unmodified (SS/AC=0%) AC 60/70 (Figure 5). A higher 
binder stiffness is observed when modified with 1% SS (softening point increases and penetration 
decreases). This SS/AC=1% ratio was chosen to fabricate the WMA in future experimental phases.

Viscosity tests using a rotational viscometer (ASTM D 4402; Figure 6) and rheological characterization 
at intermediate and high service temperatures using a dynamic shear rheometer – DSR (AASHTO T 
315; Table 4) were performed on modified (SS/AC=1%) and unmodified (SS/AC=0%) asphalt. The shear 
complex modulus (G*) and phase angle (δ) were measured in the DSR. To evaluate the performance 
grade (PG) and resistance to rutting at high temperature, the G*/sinδ ratio was used (the criterion used 
was G*/sinδ>1.0 kPa for virgin asphalt and G*/sinδ ≥ 2.2 kPa for after RTFOT). For the case of cracking 

a) b)
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resistance at intermediate temperatures, the parameter G*sinδ was used (the criterion used was 
G*sinδ≤5000 kPa after RTFOT+PAV). Viscosity tends to decrease slightly when SS is used as an additive 
(Figure 6) mainly because during the test the foaming effect is lost when the temperature exceeds 
100°C (water boils and is expelled from the SS; (59, 60)). Both binders (modified and unmodified) 
exhibit equal PG at high and intermediate temperatures (64°C and 22°C, respectively), i.e., SS did not 
generate significant changes in the rheological properties of the binder. However, Table 4 shows that 
SS tends to increase the binder stiffness, which is consistent with the penetration and softening point 
results (Figure 5). Also, SS tends to decrease binder stiffness when exposed to short-term (RTFOT) and 
long-term (RTFOT+PAV) aging processes, which is an indicator of possible increase in aging resistance.

Figure 5. a) softening point and b) penetration with SS/AC ratio.

Figure 6. Viscosity curve of AC 60/70 unmodified (SS/AC=0%) and modified (SS/AC=1%).

SEM observations were made on both binders (modified and unmodified) and the elemental 
chemical composition was measured (Table 5). Images of both binders are not presented, since only 
dark black background is observed, without any change, indicating that SS is adequately distributed 
and homogenized in AC 60/70. The chemical composition of the modified binder (SS/AC=1%) is in 
accordance with the modification percentage and the SiO2/Na2O ratio of SS, showing that the additive 
was homogeneously mixed in the binder. On the other hand, the elemental chemical composition did 
not change, i.e., no chemical reaction is reported.

a) b)
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Table 4. Summary of rheology test results.

Temperature  
(°C)

Frequency 
(rad/s)

|G*|/sinδ (kPa) |G*| · sinδ (kPa) |G*|/sinδ (kPa) |G*| · sinδ (kPa)

SS/AC=0% SS/AC=1%

Virgin asphalt binder

58 10 3.12 ± 0.61 3.09 3.31 ± 0.65 3.27

64 10 1.32 ± 0.26 1.31 1.52 ± 0.30 1.51

70 10 0.609 ± 0.12 0.607 0.695 ± 0.14 0.69

After RTFOT

58 10 9.59 ± 1.88 9.14 9.48 ± 1.85 9.06

64 10 4.11 ± 0.81 3.99 4.05 ± 0.79 3.94

70 10 1.81 ± 0.36 1.78 1.82 ± 0.36 1.79

After RTFOT + PAV (Pressure Aging Vessel)

19 10 18112 ± 3549 6174.4 17193 ± 3369 5755.1

22 10 13350 ± 2616 4911.6 12803 ± 2509 4552.8

25 10 9221 ± 1807 3605.9 9007 ± 1765 3458.5

Table 5. Elemental chemical composition of the additive and binders (modified and unmodified).

Material
Chemical element (%)

C O S Si Na

SS - 56.6±1.53 - 27.7±1.28 15.7±0.49

SS/AC=0% 99.0±0.13 - 1.0±0.13 - -

SS/AC=1% 97.9±0.1 - 1.1±0.10 0.8±0.14 0.3±0.12

2.3. Control mix design and RCA mixes

As Control HMA (SS/AC=0%), the HMA recommended by INVIAS (61) was used to construct wearing 
course asphalt layers (the gradation is shown in Figure 7). This mix was designed using the Marshall 
method (AASHTO T-245). The optimum asphalt binder content (OAC) was 5.5% (Table 6) and was 
obtained considering the criteria established by INVIAS (61). The samples were compacted at 75 
blows per face and three samples were used for each asphalt content. 150°C and 145°C were used 
as mixing (MT) and compaction (CT) temperatures, respectively (obtained from the viscosity curve, 
Figure 6). The Marshall strength parameters (stability – S, Flow – F, and S/F ratio) were obtained on 
samples conditioned at 60°C, applying a loading rate of 50 mm/minute in the Marshall equipment. The 
volumetric parameters (voids in the total mix – VTM, void in the mineral aggregate – VMA, voids filled 
with asphalt – VFA) were obtained following the guidelines established by AASHTO T-245.

Figure 7. Gradation of Control HMA.
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Table 6. Marshall test results (HMA Control).

AC content (%) VTM (%) VFA (%) VMA (%) S (kN) F (mm) S/F (kN/mm)

4.5 6.32 61.33 16.33 13.86 3.73 3.72

5.0 5.28 67.91 16.44 15.51 3.64 4.26

5.5 3.91 75.99 16.27 15.78 3.47 4.55

6.0 1.82 88.29 15.50 15.95 3.85 4.14

2.4. Choice of the MT to manufacture the WMA

New Marshall samples using OAC=5.5% were manufactured to evaluate the influence of MT (150, 
140, 130, 120 and 110°C) on unmodified (Control, SS/AC=0%) and modified (SS/AC=1.0%) HMA. The 
above to perform Marshall (AASHTO T-245), ITS (AASHTO T 283) and Cantabro (Tex-245-F) tests. Three 
samples per type of mix and per MT were manufactured for the Marshall and Cantabro tests. In the 
case of the ITS test, six samples per type of mix and per each MT were manufactured (three to evaluate 
the resistance under dry condition – ITSD, and three conditioned or partially saturated – ITSC). The 
Marshall test was performed following the guidelines defined in the previous experimental phase 
(AASHTO T-245). For the ITS test, the VTM of each sample ranged between 7±1%. By calculating the 
ITSC/ITSD ratio (in percent), the TSR was obtained. For the ITS, the load was applied at a speed of  
50.8 mm/min in the Marshall machine on samples conditioned at 25°C. The Cantabro test was performed 
on the Los Angeles machine on dry samples conditioned at 20°C, applying 300 revolutions to each 
sample and following the guidelines established by Tex-245-F. The mass loss or CL parameter (Cantabro 
Loss, in percentage) was calculated by relating the mass loss after applying the 300 revolutions to the 
initial mass of the sample.

The results of the Marshall, ITS, and Cantabro tests are shown in Figures 8, 9, and 10, respectively. In 
the Marshall test, an increase in VTM is logically observed as MT decreases (Figure 8a), mainly due 
to the loss of workability and compatibility of the mixes. This increase in porosity (VTM) generated a 
loss of cohesion and a decrease in strength under monotonic loading (S/F, Figure 8b). However, the 
SS helped to decrease the VTM (improved the workability and compatibility of the mixes), since the 
foaming process facilitated the covering of the aggregates. This, together with the increased stiffness 
of the modified asphalt binder (Figure 5), helped to increase the S/F ratio of the modified asphalt 
mix (on average this increase varied between 12 and 44%). A similar trend is observed in the ITS and 
Cantabro test results. The decrease in MT generates a decrease in the ITSD (Figure 9a) and ITSC (Figure 
9b) parameters, decreases the resistance to moisture damage (decreases TSR, Figure 9c), and abrasion 
resistance (increases CL, Figure 10). By increasing the viscosity of the binder due to the decrease in MT, 
it becomes challenging to cover the aggregates, leading to a loss of binder-aggregate adhesion. Also in 
both tests, SS helped to increase the strength parameters ITSD, ITSC and TSR (on average, ITSD and ITSC 
increased 11.5±3.3% and 20.5±5.3%, respectively with respect to the Control mix) and decrease the CL 
(average decrease of 13.9±3.8%). The presence of SiO2 in SS could have helped to increase ITSD and ITSC 
(e.g., 62–65). On the other hand, the hydrophobic nature of SS could contribute to increased resistance 
to moisture damage (29, 31, 40). In addition, SS could help improve binder-aggregate bonding due 
to its high bonding force (28–29), as well as mixture cohesion and abrasion resistance, raveling and 
weathering (66–68).

In the Marshall test, the S/F ratio and the VTM of the modified mixture are like the Control one when 
decreasing MT by approximately 27 and 20°C, respectively. In the case of the ITS test, the magnitudes 
of the ITSD, ITSC and TSR parameters of the modified mixes are like the Control when decreasing MT 
by approximately 20°C, 16 and 10°C, respectively. In the Cantabro test, the approximate decrease is 
24°C to achieve similar performance in both mixtures. It is important to highlight that all the properties 
measured in the Marshall, ITS and Cantabro tests changed significantly from the statistical point of 
view when SS was used as the asphalt binder modifier (ANOVA, FT>F0.05=7.71; Table 7). Based on the 
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results obtained, MT=130°C was chosen to manufacture the WMA with the SS (20°C decrease with 
respect to the Control HMA). With this MT, similar or even superior performance is achieved in most of 
the properties evaluated (except for the ITSC and TSR parameters).

Figure 8. a) VTM and b) S/F ratio evolution with MT.

Figure 9. a) ITSD, b) ITSC and c) TSR evolution with MT.

a) b)

a) b)

c)
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Figure 10. Evolution of CL with MT.

Table 7. ANOVA – Marshall, ITS and Cantabro test (SS/AC=0% and 1%).

MT (°C)
S/F (kN/mm) VTM (%) ITSD (kPa) ITSC (kPa) CL (%)

FT

150 20.06 27.11 114.6 140.2 73.4

140 56.22 91.14 264.0 344.4 123.7

130 112.72 160.2 83.7 134.3 52.0

120 113.72 160.4 91.7 456.9 98.4

110 27.18 27.97 62.8 68.7 58.3

2.5. �Replacement of NA with RCA and mixture design

For the subsequent experimental phase, Marshall-type samples of HMA (MT=150°C; SS/AC=0%) and 
WMA (MT=130°C; SS/AC=1%) mixes were manufactured by mass replacing 1/2” (12.5% of aggregate) and 
1/2”+3/8” (21% of aggregate) NA particles by RCA. Smaller particles were not replaced as recommended 
in the reference literature (54, 69). Also, these replacement percentages were chosen based on results 
obtained in previous studies (69–71). To obtain the OAC of the mixes with the replacement of NA by RCA, 
the Marshall test was performed again following the guidelines established for the design of the Control 
mix described above. The results are shown in Table 8. The OAC of the mixes with the replacement of 1/2” 
particles and 1/2”+3/8” particles were 6.0%. The increase in OAC with respect to the Control mix is due to 
the higher porosity of the RCA-bonded mortar (higher binder absorption). Additionally, the lower specific 
gravity of the RCA generates an increase in particle volume when mass replacement is performed (higher 
number of particles to be covered with asphalt binder; (71, 72)). Higher asphalt consumptions in mixes 
with RCA have been widely identified in the reference literature (54, 71, 73).

Table 8. Marshall test results (replacement of NA with RCA).

AC (%) S (kN) F (mm) S/F (kN/mm) VTM (%) VFA (%) VMA (%)

Replacement 1/2”

5.0 15.76 3.68 4.28 6.80 61.68 17.71

5.5 17.74 3.57 4.97 4.58 72.72 16.78

6.0 17.31 3.32 5.21 3.59 78.82 16.95

6.5 14.36 4.61 3.11 2.15 87.13 16.74

Replacement 1/2”+3/8”

5.0 14.47 3.81 3.80 7.01 60.76 17.85

5.5 15.37 3.60 4.27 5.97 66.73 17.94

6.0 15.29 3.18 4.81 4.29 75.48 17.49

6.5 15.32 4.18 3.67 3.61 79.84 17.92
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2.6. �Mechanical resistance tests

Mechanical resistance tests were performed on six types of mixes: (i) Control HMA (MT=150°C, SS/
AC=0%; no replacement of NA by RCA), (ii) WMA (MT=130°C, SS/AC=1%; no replacement of NA by RCA); 
(iii) HMA-RCA-1/2 (MT=150°C, SS/AC=0%; replacing 1/2” NA particles with RCA); iv) HMA-RCA-1/2+3/8 
(MT=150°C, SS/AC=0%; replacing 1/2”+3/8” NA particles with RCA); v) WMA-RCA-1/2 (MT=130°C, SS/
AC=1.0%, replacing 1/2” particles of the NA with RCA); vi) WMA-RCA-1/2+3/8 (MT=130°C, SS/AC=1.0%, 
replacing 1/2”+3/8” particles of the NA with RCA).

To evaluate mechanical performance under monotonic loading, Marshall and ITS tests were performed. 
Resistance to moisture damage and abrasion resistance were evaluated by calculating the TSR and CL 
parameters, respectively. These tests were performed as described in the previous experimental phases. 
To evaluate the performance under cyclic loading, RM (UNE-EN 12697-26), permanent deformation 
(UNE-EN 12697-25), and fatigue resistance (UNE-EN 12697-24) tests were performed in a Nottingham 
Asphalt Tester (NAT). The RMs were obtained at three temperatures (10, 20 and 30°C) and loading 
frequencies (2.5, 5.0 and 10.0 Hz). To conduct this test, nine specimens were prepared. The resistance 
to permanent deformation was measured at 40°C, applying 3600 loading cycles (loading frequency of 
0.5 Hz and square wave), and stress magnitude of 100 kPa. The accumulation of the displacement with 
the number of cycles obtained on the samples was averaged from three samples per type of mixture. 
Fatigue tests were performed under stress-controlled loading mode (loading frequency of 10 Hz and 
stresses varied between 120 and 600 kPa). The specimens were conditioned at 20°C. The number of 
load cycles to failure (N) was obtained when the specimens reached complete failure during the test.

3. RESULTS AND DISCUSSION

3.1. Marshall, ITS and Cantabro tests

The results of the Marshall, ITS, and Cantabro tests are shown in Figures 11, 12, and 13, respectively. 
The S/F ratio increases slightly (between 1 and 3%) with the inclusion of SS. This is despite the fact that 
the mixture was produced by lowering the MT by 20°C. However, these increases are not statistically 
significant according to ANOVA analysis (Table 9). The replacement of the 1/2” particles of NA by RCA 
increased the S/F ratio between 13 and 15% and these increases were statistically significant. In the case 
of the replacement of 1/2”+3/8” particles, this increase was lower (6% on average) and was not statistically 
significant (Table 9). On the other hand, the parameters ITSD, ITSC, and TSR tend to increase slightly 
(between 0.7 and 3.9%) using SS but are not statistically significant (only one case was significant in the 
analysis, see Table 9). This indicates that SS tends to increase the indirect tensile strength and moisture 
damage, but from a statistical point of view the values are similar. On the contrary, the replacement 
of NA particles by RCA contributes to decrease the magnitude of these parameters, especially in the 
presence of water and when more NA is replaced by RCA (under these conditions, the reported changes 
in the parameters are statistically significant; see Table 9). The ITSD for example decreases between 0.1 
and 2.4% when 1/2” particles are replaced, while this decrease is approximately 6% when replacing the 
1/2”+3/8” fraction. In the case of ITSC, the decrease varied between 5 and 10%, and between 11 and 
14.2% with the replacement of 1/2” and 1/2”+3/8” particles, respectively. This generated a notorious 
decrease in moisture damage resistance (TSR decreased between 5 and 8%, and between 6 and 9% when 
1/2” and 1/2”+3/8” particles were replaced, respectively). The decrease in these parameters may be due 
to insufficient binder to sufficiently cover the increase in RCA particle volume due to mass replacement 
(56, 69, 74). A similar behavior to the ITS test was observed in the Cantabro test. SS tends to increase 
abrasion and raveling resistance (CL decreases between 2.3 and 13.4%), while RCA tends to decrease it, 
especially when more replacement is performed (replacement of 1/2” particles and 1/2”+3/8” fraction 
increase CL between 7 and 10.3%, and between 26 and 38%, respectively). Despite the above, the changes 
in the CL parameter tend not to be statistically significant (only for the case of the WMA mixture with 
1/2”+3/8” fraction replacement was it significant; see Table 9).
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In summary, the SS when foaming the binder is an additive that allows for a 20°C reduction in MT, 
producing mixtures that exhibit similar mechanical resistance under monotonic load, to moisture 
damage and abrasion with respect to the Control mixture. In other words, SS helps to improve cohesion 
and binder-aggregate adhesion. This may be due to the high bonding force of SS, its hydrophobic 
properties, the presence of SiO2, and its tendency to increase the stiffness of the base binder  
(Figure 5, Table 4), as mentioned above. On the contrary, the RCA decreases the mechanical performance 
evaluated in this experimental phase (except for the S/F ratio). This is mainly due to the presence of 
mortar adhered to the RCA, which is brittle and fragile (52, 54, 73). Likewise, the characterization of 
RCA (Table 2) shows a material of lower hardness and fracture resistance compared to NA. Also, SEM 
visualization shows an RCA with presence of cracks that could help to detach the mortar. The slight 
increase in cohesion (increase in the S/F ratio) may be due to the good geometry of the RCA particles, 
the higher Ca/Si ratio of the RCA (Table 3), and the incorporation of more RCA particles (as a product 
of the lower specific gravity of the RCA) with good porosity and surface texture (Figure 2), which could 
have contributed to generate a more frictional granular skeleton (70–72).

Figure 11. S/F ratio - Marshall test results.

 

Figure 12. a) ITSD, b) ITSC, c) TSR results.

a) b)

c)
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Figure 13. CL (%) - Cantabro test results.

Table 9. ANOVA – ITS and Cantabro tests.

Mixtures
S/F ITSD ITSC TSR CL

FT

Influence of SS

HMA vs. WMA 2.76 1.27 0.5 0.02 0.43

HMA-RCA-1/2 vs. WMA-RCA-1/2 0.083 0.20 13.5 1.77 0.09

HMA-RCA-1/2+3/8 vs. WMA-RCA-1/2+3/8 0.390 0.66 1.25 1.25 1.41

Influence of RCA

HMA vs. HMA-RCA-1/2 15.3 2.92 26.2 11.71 0.56

HMA vs. HMA-RCA-1/2+3/8 3.97 10.4 42.6 7.45 5.28

WMA vs. WMA-RCA-1/2 13.4 0.002 63.7 6.26 2.62

WMA vs. WMA-RCA-1/2+3/8 2.16 18.1 128.0 12.82 22.3

3.2. Resilient modulus and permanent deformation tests

The RM and permanent deformation values are presented in Figures 14 and 15, respectively. When 
decreasing MT 20°C and using SS, the general tendency of the mixes is to undergo similar stiffness under 
cyclic loading (for any temperature and loading frequency) and resistance to permanent deformation, 
with respect to the HMA mixes (the changes in RM and displacement accumulation are not statistically 
significant when SS is used, see Tables 10 and 11). For the case of RM, the only exception is observed in 
the mixtures that replaced 1/2”+3/8” of NA by RCA for temperatures of 20 and 30°C. In this condition, 
SS increases the RM of the mixtures, and this change was statistically significant. These results present 
SS as a promising additive that allows decreasing MT 20°C, generating mixtures that exhibit similar 
stiffness (and even higher in some cases) and resistance to permanent deformation under cyclic 
loading. They are also consistent with the S/F ratio and the increase in binder stiffness previously 
presented due to the presence of SS.

Regarding the influence of RCA as a replacement for NA, contradictory results are presented. The RM 
tends to decrease markedly when NA is replaced by RCA, and this decrease is greater with increasing 
replacement. From a statistical point of view, most of these decreases in RM were statistically 
significant (Table 10). The higher binder content in the mixtures with RCA may have helped to decrease 
the RM (75–76). Despite the above, the resistance to permanent deformation increased slightly with 
the presence of RCA in the mixtures (the difference between the highest and the lowest displacement 
value was only 0.11 mm, and the displacement rates were similar varying between 19x10-6 and  
26x10-6 mm/cycle), and this increase was not statistically significant (Table 11). Generally, asphalt 
mixtures undergo higher resistance to permanent deformation when RM increases. The explanation for 
this contradiction is not clear. Additionally, the lower hardness and fracture resistance of RCA particles 
are expected to contribute to increased deformation accumulation. However, the higher S/F ratio of 
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the RCA mixtures and the increased number of contacts between particles of the granular skeleton 
(the lower specific gravity of RCA promoted the incorporation of a greater number of particles) could 
explain the increase in deformation resistance (54, 77).

a) 

b) 

c) 

Figure 14. Resilient modulus at a) 10°C, b) 20°C, c) 30°C.

a) 

Figure 15. Permanent deformation test: a) full test results, b) results after 3600 cycles.

b)
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Table 10. ANOVA – Resilient modulus test.

Mixture
10°C 20°C 30°C

2.5Hz 5Hz 10Hz 2.5Hz 5Hz 10Hz 2.5Hz 5Hz 10Hz

Influence of SS

HMA vs. WMA 0.003 0.006 0.012 0.39 0.30 0.193 1.89 1.86 3.28

HMA-RCA-1/2 vs. WMA-
RCA-1/2 0.198 0.30 0.659 3.44 4.04 4.86 0.39 0.36 0.35

HMA-RCA-1/2+3/8 vs. 
WMA-RCA-1/2+3/8 0.133 0.072 0.021 22.35 17.89 18.41 21.55 26.4 31.19

Influence of RCA

HMA vs. HMA-RCA-1/2 13.36 14.12 15.09 8.75 9.64 17.08 6.95 5.07 3.24

HMA vs. HMA-
RCA-1/2+3/8 6.90 7.72 8.54 22.00 21.02 31.27 53.16 86.67 88.97

WMA vs. WMA-RCA-1/2 11.37 10.61 11.36 2.60 1.46 0.69 9.28 3.34 2.31

WMA vs. WMA-
RCA-1/2+3/8 45.43 44.53 66.03 14.66 14.74 8.46 46.92 11.54 16.82

Table 11. ANOVA – Permanent deformation test.

Mixture

Number of cyclic loads

1800 3600

FT

Influence of SS

HMA vs. WMA 0.06 0.04

HMA-RCA-1/2 vs. WMA-RCA-1/2 0.84 0.87

HMA-RCA-1/2+3/8 vs. WMA-RCA-1/2+3/8 0.37 4.59

Influence of RCA

HMA vs. HMA-RCA-1/2 0.90 1.08

HMA vs. HMA-RCA-1/2+3/8 1.79 2.29

WMA vs. WMA-RCA-1/2 7.06 6.42

WMA vs. WMA-RCA-1/2+3/8 4.10 5.03

3.3. Fatigue test

The curves of the fatigue strength results are presented in Figure 16. These curves are described 
mathematically using Equation [1]. σ is the stress necessary to determine the number of failure cycles 
- N, and the parameters k1 y b (slope of the fatigue law) are obtained by regression. Using Equation [1], 
the parameters σ6 y σ7 (magnitude of stress for the material to fail at N = 106 y 107, respectively; see 
Table 12) can be obtained. Higher values of k1, σ6 y σ7, and lower absolute value of b, means increase in 
fatigue strength in Table 12. SS contributes to a slight increase in fatigue strength. This is even though 
the WMA is manufactured 20°C lower than the HMA Control mix. On the contrary, the incorporation 
of RCA in the mixtures tends to decrease the fatigue strength. The trends in the results are consistent 
with those obtained in ITS and RM tests (under stress-controlled, fatigue strength tends to have a 
direct correlation with indirect tensile strength and RM; (78–81). Additionally, in the case of RCA, the 
lower hardness and mechanical strength compared to NA, as well as the presence of micro-cracks in 
the bonded mortar could affect the fatigue performance of the HMA-RCA and WMA-RCA mixtures. 
Perhaps an increase in the binder content or pretreatment of the RCA could increase the fatigue 
strength as has been reported in the reference literature (54). However, this consideration would 
increase the cost of the mixtures.

 [1]
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Figure 16. Fatigue test results.

Table 12. k1, b, σ6, and σ7 parameters.

Mixture VTM (%) R-squared (r2) k1 b σ6 (kPa) σ7 (kPa)

Control HMA 4.3±0.17 0.988 3916.9 -0.233 156.7 91.6

WMA 4.4±0.12 0.993 4033.2 -0.233 161.3 94.3

HMA-RCA-1/2 3.9±0.30 0.991 4023.1 -0.255 118.7 66.0

WMA-RCA-1/2 4.3±0.17 0.994 3920.0 -0.251 122.3 68.6

HMA-RCA-1/2+3/8 4.1±0.19 0.992 3688.7 -0.226 162.5 96.6

WMA-RCA-1/2+3/8 4.3±0.21 0.993 2695.1 -0.217 134.4 81.6

4. CONCLUSIONS

This research evaluated the possible use of a SS as a modifier of an asphalt binder to produce WMA. 
Likewise, the influence of an RCA on the properties of WMA when used as a partial replacement (1/2” 
and 1/2”+3/8” particles) of the coarse fraction of NA was evaluated. Considering the results obtained, 
it is concluded:

I.	 The optimum SS/AC ratio was 1% (with respect to mass) to modify the AC.

II.	 At this percentage (SS/AC=1%), in the penetration and softening point tests, SS increased the 
stiffness of the base asphalt. However, the rheological properties and viscosity are similar.

III.	The SS foams the binder at approximately 80°C, facilitating the covering of the aggregates. This 
contributes to a reduction in VTM at lower MT.

IV.	The SS allows to decrease MT 20°C, generating a WMA mixture that exhibits similar or even 
better performance in certain properties compared to the Control HMA mixture.

V.	 SS contributes to increasing the resistance under monotonic loading (increases the S/F ratio, 
ITSD, and ITSC parameters) of asphalt mixtures (HMA and WMA). It also helped to increase 
resistance to moisture damage (increases TSR) and abrasion (decreases CL). However, from a 
statistical point of view, the results of these parameters in both mixtures are similar.

VI.	Stiffness under cyclic loading, resistance to permanent deformation, and fatigue strength are 
similar for HMA and WMA mixtures.

VII.	Replacing the 1/2” and 1/2”+3/8” NA particles with RCA resulted in a significant decrease 
in ITSD, ITSC, TSR (decreased indirect tensile strength and moisture damage resistance) and 
an increase in CL (decreased Cantabro abrasion resistance). Despite the above, the Marshall 
quotient (S/F) increased.

VIII.	 Mixtures with RCA experienced lower resilient modulus and fatigue strength, but similar resistance 
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to deformation as the Control mixture (without RCA) from a statistical point of view.

IX.	SS could contribute to produce a WMA that tends to be more environmentally friendly compared 
to HMA. This is because SS reduces the use of fuels and energy in asphalt plants, leading to 
lower emissions of greenhouse gases into the atmosphere and less environmental pollution.

X.	 Although RCA tends to decrease the strength and performance of HMA and WMA, its use as a 
replacement for 1/2” and 1/2”+3/8” NA particles can be seen as an environmentally sustainable 
alternative on roads with low traffic volumes.

Recommendations for future studies include: i) use different SiO2/Na2O concentrations, i.e., different 
types of SS; ii) evaluate long-term properties (aging, durability, etc.) of the WMA using SS; iii) conduct 
full-scale test and manufacture the WMA with the SS in an asphalt plant; iv) evaluate coat-ability of 
aggregate and foam quality; v) use different types of asphalt mixtures, AC, aggregates, recyclable 
materials to replace NA, gradations, etc., for the WMA; vi) use other types of RCA from different 
sources; vii) perform Life Cycle Cost Analysis (LCCA), Life Cycle Assessment (LCA), socio-economic and 
environmental impact assessment, etc., for the WMA; viii) evaluate the performance of the WMA mix 
at low temperatures.
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