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ARTICLE INFO ABSTRACT
Keywords: Recycled aggregate (RA) and recycled concrete powder (RCP) hold significant potential as
Recycled concrete powder environmentally sustainable raw materials for asphalt mixtures. In this study, a comprehensive
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investigation was conducted on the bonding properties between RA and RCP-filled asphalt mastic
(RCPAM). This investigation utilized an image processing-assisted modified water boiling test,
binder bond strength (BBS) tests, and the surface free energy (SFE) method. The results indicate
that the boiling water test method, even with the assistance of 2D image processing analysis,
cannot adequately evaluate the adhesive characteristics of the RA-RCPAM interface. This limi-
tation could be attributed to the relatively small number of samples tested and the significant
variation in surface properties of RA. Increasing both the filler-to-asphalt (F/A) ratio and RCP
replacement ratio adversely affected the interfacial bond strength of the RA-RCPAM interface. On
the other hand, an increase in RA surface roughness contributed to a higher bond strength. Based
on the experimental results, a best-fit multivariate mixed model was proposed to predict the
interfacial bond strength between RCP-filled asphalt mastic and recycled aggregate within a given
range of RCP replacement ratio, surface roughness, and filler-to-asphalt (F/A) ratios. The analysis
of SFE suggested that moisture damage to RCPAM was caused by both cohesive and adhesive
failure. Additionally, the minimal impact of adhesion work in wet condition with increasing RCP
content suggested that adhesion failure energy was only marginally affected by the inclusion of
RCP, even in the presence of moisture. These findings are expected to enhance the understanding
of interfacial adhesion characteristics and moisture susceptibility of the RA-RCPAM interface.

1. Introduction

The structural stability, durability and service life longevity of asphalt pavement are closely correlated to the bond properties
between asphalt and aggregate under different conditions [1-3]. The interfacial bonding strength is generally dependent on the
physiochemical properties of both aggregate and asphalt. The adhesion of asphalt to aggregate will be negatively impacted once the
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water infiltrates the asphalt pavements and erodes the aggregate-asphalt interface, subsequently inducing the moisture damage [4,5].
Moisture damage can degrade the overall performance of the interlocking structures in asphalt concrete and further induce other
visible road distresses and diseases, such as stripping, ravelling, mesh cracks, potholes, etc. [6]. In many countries such as China and
the United States, the deterioration of asphalt pavements and associated maintenance costs are primarily attributed to moisture
damage of asphalt [2,4]. Consequently, enhancing the interfacial adhesion between asphalt and aggregate is the key to prevent water
damage.

On the other hand, as the shortage of natural resources such as natural sand and stone become increasingly serious, the feasibility of
using recycled coarse aggregate (RA) and recycled concrete powder (RCP) sourced from construction and demolition (C&D) waste in
asphalt mixture has received increasing attention [7-9]. RCP is a powder with the particle size less than 0.075 mm resulting from the
process of manufacturing RA of demolished concrete, and it accounts for approximately 15-20 % of the total mass of construction solid
waste [10,11]. Recently, there are increasing studies regarding the application of RCP as cement replacement or additives in
cement-based composites [12-14]. RCP contains a large amount of hardened cement products and unhydrated cement clinkers, which
is associated with the characteristics of high porosity and rough surface [12,15]. It has been preliminarily shown that it is feasible to
replace mineral powder with RCP as asphalt mixture filler to modify asphalt [16,17]. The concept of composite use of RCA to replace
natural aggregate and RCP to replace mineral powder filler in concrete or asphalt mixture can maximum the recycling rate of C&D
waste to efficiently confront the urgent issues brought by C&D waste disposal. Therefore, the composite use of RA and RCP recycled
from concrete into asphalt pavement is a promising approach to the development of sustainable construction.

There are three types of interface in asphalt concrete made with RCA: the interface between RA and asphalt is comprised by the
interface 1: new asphalt is adhered to the mortar of RCA, interface 2: new asphalt is direct adhered to old natural aggregate, and
interface 3: the interface between old mortar and natural aggregate as shown in Fig. 1. In general, the influential factors affecting the
interfacial adhesion performance of asphalt-aggregate system can be categories into the asphalt properties (i.e., chemical composition,
contact angle and wax content), aggregate properties (e.g., alkali value and surface structure) and external environmental factors such
as temperature, and moisture [18,19]. Owing to the presence of highly developed flaws and pores inside the cement mortar of RCA,
moisture can easily intrude into the interfacial phase of aggregate-asphalt system and subsequently lead to a more severe deterioration
of interfacial adhesion for RA compared to natural aggregates [20]. In addition, since adhesion is mainly stemmed from the micro-
scopic forces between the contacting interfaces which involves both physical and chemical interactions that are highly dependent on
the surface micromorphology and chemical composition of the materials [21,22], the microscopic mechanism of interfacial adhesion
between RA and asphalt is further complicated [23].

Gomez-Meijide et al. [24] found that the adhesion between RA and asphalt was similar to the counterpart between natural
aggregate and asphalt by adopting the boiling method, while the rolling bottle method showed that the adhesion between RA and
asphalt was found to be much more inferior to the counterpart between natural aggregate and asphalt. According to Huang et al. [20],
the adhesion interface of old mortar and asphalt of RA was more irregular and convex in comparison to the natural limestone
aggregate. In addition, the adhered cement mortar was found to have looser structures, which was considered as the worst in the RA
components by correlating nanomechanical properties in the interfacial transition zone with the adhesion of RA-asphalt interface.
Wang et al. [25] correlated the surface morphology characteristics of four types of coarse aggregate to the quantitative results of
adhesion evaluations methods of surface energy method and shear strength test. There was a good positive correlation between
multiscale surface morphologies and adhesive bonding between the aggregates and cement emulsified asphalt. Pasandin and Perez
[26] pointed out that the surface of recycled aggregate generally had rough surface texture and rich angularity, asphalt binder was
prone to fills up the micro superficial pores and voids and intrude into the aggregate, leading to compact asphalt-stone structure, as
well as the enhanced interfacial adhesion and water stability of asphalt-aggregate system. Based on the boiling test, Lei et al. [27]
attained the adhesion grade of the RA-asphalt interface of four, which was increased to five by modifying RA by the pretreatment
methods of slurry encapsulation, silicone resin solution immersion and calcium hydroxide solution immersion. Similarly, the adhesion
grade of RA-asphalt interface upgraded from four to five after the activation of organic silicone resin [23]. Zhang et al. [28] proposed
that the degraded interfacial adhesion between RA and asphalt was ascribed to the reaction between water-soluble ions leaching from
the old mortar adhered in recycled aggregate and carboxylic acid components in asphalt.

Although some efforts have been made, the investigations on the interfacial adhesion between RA and asphalt are still limited and
the findings are somehow contradictory and show the large variability, which is probably ascribed to the fact the highly inhomogeneity
of RA induces the of different and complex phase compositions, aggregate sizes, surface structures, and surface chemistry [24,29]. The
mechanisms behind macroscale adhesive behaviors of RA-asphalt interface require further explorations from multiscale perspectives.
More significantly, there is lack of investigation on the adhesion between RA-asphalt interface in the asphalt mixture containing RA
and RCP, which is ideal for developing green and sustainable pavements. Nevertheless, RA is often considered to present reasonably

Interface 1 (asphalt — old mortar)
Natural aggregate in RCA

New asphalt Interface 2 (asphalt — old natural aggregate)

Interface 3 (old interface in RCA)
Old cement mortar

Fig. 1. Interface morphology of recycled aggregate and asphalt.
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high quality than RCP because RCP contains multiple impurity components that are hard to remove [30]. The adhesion between
aggregate and asphalt may be impacted with the inclusion of RCP and the interaction between RCP and asphalt is still unclear [31,32].
In addition, our previous study confirmed that the F/A ratio has the significant effect on specific properties of RCP filled asphalt mastic
[33]. Along these lines, multiple experimental and theoretical evaluation methods including image processing-assisted modified water
boiling test, binder bond strength (BBS) test and surface free energy (SFE) method were used to comprehensively evaluate the
interfacial adhesion properties between RA and RCPAM prepared with various F/A ratio and RCP replacement ratio and explore the
mechanisms behind adhesion formation and failure [34-37].

2. Experimental program
2.1. Materials and preparation

2.1.1. Raw materials

The granite-typed RA used in this study was derived from the abandoned concrete blocks dismantled from domestic buildings
(Nanchang, China). The 13.2-16.0 mm RA particles were used to prepare the specimens. RCP is sourced from broken C40 concrete
samples. RCP with the particle smaller than 0.075 mm was obtained by further crushing, grinding, and sieving. The other RA is the
modelled recycled aggregate (MRA), which is described in Section 2.1.3. The commercially available limestone powder (LSP) has an
apparent density of 3036 kg/m> with only 0.2 % moisture content. RCP was dried for 48 h in an oven at 60 °C to reach a constant
weight. Type P.O. 42.5 Ordinary Portland cement conforming to Chinese standard GB175-2007 was adopted to prepare the modelled
recycled aggregate [38]. Table 1 lists physical properties of RCP and LSP, which are in accordance with the requirements of JTG
F40-2017 [39]. Table 2 lists the chemical compositions of RCP and LSP. Table 3 lists physical properties of RA. The morphologies of
raw materials are shown in Fig. 2.

2.1.2. Preparation of RCP filled asphalt mortar

Three filler to binder (F/A) ratios (0.6, 0.9, and 1.2) as per recommended by JTG F40-2017 [39] and five RCP replacement ratios
(0, 25 %, 50 %, 75 %, and 100 %) for the replacement of LSP were designed in this study. The mix proportions of the asphalt mastics are
illustrated in Table 4. The preparation of asphalt mastic and its properties are detailed in Ref. [33].

2.1.3. Preparation of modelled recycled aggregate

To investigate the effect of RA surface roughness on the adhesion properties of the RA-RCPAM interface, it is necessary to prepare
the RA with various roughness while simplifying the other influential and heterogeneous factors such as coating rate of adhered old
mortar or irregular aggregate shape. For this purpose, four kinds of MRA specimens with the different roughness of 0 mm, 0.05 mm,
0.10 mm, and 0.15 mm were innovatively designed and manufactured in this study, with the consideration of that the actual RA is
difficult to characterize the surface roughness and meet such requirement. Roughness refers to the average depth per unit surface area
[40]. The modelled recycled aggregate is prepared by means of pouring the fresh cement paste with a water-to-cement ratio of 0.4 to
the pre-designed MRA molds. The molds for manufacturing MRA specimens are composed of five Acrylonitrile-butadiene-styrene
(ABS) plastic plates including one bottom plate and four side plates, which are assembled with adhesive tape tightly. As shown in
Fig. 3, the different roughness of MRA specimens is realized by the raised circle with a diameter of 20 mm in the middle of the mold
bottom plate. Fig. 3(a) indicates that the bottom plate is a circle with a middle bulge of 1 mm and a diameter of 20 mm, corresponding
to the roughness is 0 mm. As shown in Fig. 3(b), (c), and (d), ribs of various heights of 1 mm, 2 mm, and 3 mm were uniformly
distributed on the bulge with the constant width and gap of 2 mm, corresponding to the roughness of 0.05 mm, 0.1 mm, and 0.15 mm,
respectively. The MRA molds and MRA specimens with four degrees of roughness are shown in Fig. 3(e) and (f), respectively.

2.2. Experimental methods

2.2.1. Image processing-assisted modified boiling test

The adhesion property of RCP filled asphalt was evaluated by boiling water test according to JTGE20-2011 (T 0616-1993) [41],
which covers several steps displayed in Fig. 4: 1) Five recycled aggregate particles with size distribution of 13.2-19 mm were washed
and dried in 105 + 5 °C oven until the mass of the specimens reaching mass equilibrium; 2) These particles were immersed in the
pre-heated asphalt mastic (130-150 °C) for 45 s; 3) The asphalt coated particles were hung up at 25 °C to naturally cool for 15 min; 4)
These particles were boiled in water for 3 min; and 5) Based on the percentage of peeling area, the test results were visually classified

Table 1
Physical properties of LSP and RCP.
Type of fillers Apparent density Hydrophilic Moisture content (%)  Content of particle size <0.075 mm (%)
(g~cm’3) coefficient
LSP 3.036 0.72 0.2 93.56
RCP 2.684 0.81 0.3 94.21
Requirements in JTG F40-2017 >2.500 <1.00 <0.5 >85.0

[39]
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Table 2
Chemical compositions of RCP and LSP.
Filler CaO SiO, AlyO3 Fey03 K,0 MgO NayO SO3 LOI
LSP (%) 92.1 1.5 0.8 4.1 — 0.8 — — 0.7
RCP (%) 50.0 27.3 10.2 2.3 2.0 4.5 0.7 1.1 2.2
Table 3
Physical properties of RA.
Apparent density Water absorption Crushing index Size distribution
2531 kg/m® 4.0 % 17.6 % 13.2-16.0 mm

(a) Recycled aggregate (b) Recycled concrete powder (c) Limestone powder

(e) Recycled concrete powder (f) Limestone powder

Fig. 2. Macro and micro morphologies of raw mineral materials.

into five grades from 1 to 5 defined in JTGE20-2011 (T 0616-1993) to illustrate various peeling conditions and adhesion grades of
asphalt binder on the surface of RA. The grade ‘1’ indicates that the asphalt film is thoroughly moved by water whereas the grade 2'
indicates that the asphalt film is completely preserved. Five replicates for individual groups to perform the parallel tests.

In order to avoid the above evaluation defects of boiling method, the image processing method is further applied on specimens. As
illustrated in Fig. 5, the pixel of aggregate entire surface (P1) and pixel of asphalt binder peeling area (P3) were processed and captured
by Photoshop software. The peeling rate of asphalt binder on recycled aggregate can be calculated by Eq. (1). It is worthy mentioned
that although certain discrepancy exists between the 2D photo recognition surface and the actual 3D surface, 2D image analysis
enables a primary quantitative assessment.
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Table 4

Mix proportion of RCP filled asphalt mastics.
Specimens Filler to binder (F/A) ratio Recycled concrete powder (RCP) replacement ratio (%) Limestone powder (LSP) content (%)
RCPAM-0.6-0 % 0.6 0 100
RCPAM-0.9-0 % 0.9 0 100
RCPAM-1.2-0 % 1.2 0 100
RCPAM-0.6-25 % 0.6 25 75
RCPAM-0.6-50 % 0.6 50 50
RCPAM-0.6-75 % 0.6 75 25
RCPAM-0.6-100 % 0.6 100 0
RCPAM-0.9-25 % 0.9 25 75
RCPAM-0.9-50 % 0.9 50 50
RCPAM-0.9-75 % 0.9 75 25
RCPAM-0.9-100 % 0.9 100 0
RCPAM-1.2-25 % 1.2 25 75
RCPAM-1.2-50 % 1.2 50 50
RCPAM-1.2-75 % 1.2 75 25
RCPAM-1.2-100 % 1.2 100 0

Notes: RCPAM denotes the RCP filled asphalt mastic. (e.g., RCPAM-0.6-75 % represents the RCP filled asphalt mortar with the F/A ratio of 0.6 and the
RCP replacement ratio of 75 %)

" 30 , . 30 1 30
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(d) Roughness of 0.15 mm (e) Molds (f) Specimens

Fig. 3. Schematical diagram of bottom plates of modelled recycled aggregate molds and prepared specimens with different surface roughness (size
in mm).
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(a) Recycled aggregate (b) Asphalt coated recycled aggregate

(c) Boiling test (d) Typical results after boiling

Fig. 4. Boiling water test process for recycled aggregates.

2.2.2. Binder bond strength (BBS) test

The Binder Bond Strength (BBS) test in accordance with the standard test method (ASTM D 4541) has been widely reported in
studies to assess the bonding strength between asphalt-aggregate interface [42,43]. The BBS test was conducted by a Posi Test At-A
apparatus (De Felsko, USA). In this study, the adhesion properties of RCPAM to MRA with different surface roughness were studied
through modified BBS testing. To prepare the testing samples, the modelled aggregate substrate and BBS pull-stubs were heated at
135 °C for drying. The melted asphalt mastic samples were withdrawn into the pre-designed groove on the MRA surface and held in
oven for further 30 min to enable the asphalt naturally to flow smooth in Fig. 6(a). In order to evaluate the moisture susceptivity of
actual asphalt-aggregate system, the pull-stubs sealed samples were immersed in 50 °C water bath for 24 hr, as shown Fig. 6(b). Prior
to the BBS test, the tested samples were conditioned in water bath at 5 °C for 2 hr and pull-out tensile strength (POTS) was tested using
Posi Test At-A apparatus. The testing loading rate was 0.7 MPa/s. 3 parallel tests were conducted for each group to assure the accurate
analysis. Samples without water bath treatment were also tested for comparation.

2.2.3. Surface free energy (SFE) method

The SFE method is employed to investigate the cohesion and adhesion energies of LCPMA and RCPMA based on the tested contact
angle. There are two essential steps to prepare the asphalt samples with a smooth and flat surface in Fig. 7(a), the dryness plain-glass
slides (25 x 75 mm) were immersed into melted asphalt mastic and withdrawn immediately after that the asphalt mastic fully wraps
two-thirds of the slides, then being held for a while until the excessive asphalt mastic drops. Subsequently, put the asphalt coated glass
slide in a 135 + 5 °C oven for 30 mins. The contact angle of naturally cool downed RCPMA and MRA samples are tested by a drop
shape analyzer (Dataphysics OCA20, Germany). Two reagents, distilled water and diiodomethane, were employed as the standard
liquids to determine the cohesion and adhesion works based on the SFE theory. The selected reagent (3-5 pL) was dropped into tested
samples through a needle in Fig. 7(d). According to SFE theory, the amounts of cohesion and adhesion works can be calculated based
on Egs. (2) to (5).

rregem(l + COSG) =2 Iﬁsphalt b r?eagenl + 2\/r§sphall i IJI'Jeagent (2)
The cohesion work for RCPMA can be determined as :
W, = 2rasphall (3)

The adhesion work in dry condition can be determined as:



B. Lei et al. Case Studies in Construction Materials 20 (2024) 02721

Average: 122.73
Standard deviation: 54.41

Source: The entire image

Average: 50.70
Standard deviation: 49.00

L

(b) Pixel of asphalt binder peeling area P2

Fig. 5. Image processing method for aggregates.

a  _ d P
Wiy = 2(\/ Tasphalt ® rgggregme +2 Iﬁsphan ® Laggregate 4

The adhesion work in wet condition can be determined as:

a d " P _ d _ P P _ d _ P
Wwe[ - z(rwaler + Igsphalt b raggregale + 2\/rasphall ° raggregale \/ rasphall o Igva&er \/rasphah ® Tyater \/ raggrega&e hd rf]va[er \/rz\ggregateo A rg«am)
(5)

superscript

where 0 denotes the contact angle of asphalt with regents; r;p ., is the surface free energy; Superscripts d and p represent the

dispersive (Lifshitz-van der Waals) component of surface energy and polar (Lewis acid-base) component of surface energy, respec-
tively; Subscript represents the asphalt, reagent, aggregate and water.

3. Results and discussions
3.1. Image processing-assisted modified boiling test

3.1.1. Boiling water test results

The boiling water test is regarded as qualitative method for evaluating the moisture susceptibility potential of asphalt [44]. Fig. 8
displays the results of boiling water test. According to JTG E20-2011, the majority of groups are graded as ‘5, which signifies that the
asphalt mastic film is thoroughly retained, and the peeling area is almost 0. As shown in Fig. 8(d), (m) and (0), only the groups
RCPAM-1.2-0 %, RCPAM-1.2-25 %, and RCPAM-1.2-75 % with recycled aggregate are graded as ‘4, meaning that asphalt film is
locally retained on the surface of the aggregate and the percentage of peeled area is greater than 30 %. The spalling area of asphalt
mastic is the surface area of natural aggregate, whereas there is almost no asphalt spalling in the old cement mortar area. The natural
aggregate part in spalling areas is granite that is classified as acidic rock, in which the SiO, content is greater than 63 % generally
possesses poor binding to asphalt [5]. The boiling test results indicate that the inclusion of RCP seems not to degrade the adhesion
between asphalt and RA. Moreover, it seems that the larger F/A slightly reduces the grade of adhesion between asphalt and RA.

3.1.2. Image processing analysis
To mitigate the disadvantage that visual inspection is not such precise, the image processing is employed to obtain more
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(b) Water bath condition

(c) Conditioned samples

Fig. 6. Preparation of binder bond strength test samples.

quantitative results. Fig. 9 presents the peeling rate of all groups of asphalt mastic calculated based on Eq. (1). It is seen that the peeling
rate of asphalt mastic on the surface of recycled aggregate for the majority groups is all below 5 % except for the groups of RCPAM-
1.2-25 % and RCPAM-1.2-75 %. In addition, the peeling rate increases with the increase of the F/A. The peeling rates of RCPAM-0.6-0
%, RCPAM-0.9-0 %, and RCPAM-1.2-0 % are increased by 0.16 %, 1.72 %, and 2.76 %, respectively compared with the base asphalt,
which is consistent with the test results in literature [45]. Because with the increase of the filler content, light components such as
aromatic and saturated components in asphalt are absorbed and their content decreases, thereby leading to the degradation of ad-
hesive property of asphalt mastic [46]. The peeling rate value for RCPAM-25 % seems to be an outlier value. Overall, the imaging
processing method shows the consistent results with the visual observation. Nevertheless, the variation trend of peeling rate shows no
obvious regularity with the increase of RCP replacement ratio, which is inconsistent with the results obtained from the SFE and BBS
methods by which the effect of RCP content can be properly characterized by these two quantitative methods. Although the image
processing method is adopted to assist the boiling test in this study and the results are averaged from five parallel test to acquire the
quantitative results, it is unsuitable to evaluate the adhesive characteristics between RA and RCPAM. This is contrary to some previous
studies that evidenced that image processing method could accurately and effectively measure the asphalt peeling ratio and thus
provide the accurate evaluation of moisture susceptibility and adhesive characteristics of asphalt-aggregate systems [1,2,47,48]. This
is probably attributed to the fact that in comparison to the natural aggregate including limestone, granite, gravel and basalt [47-49] or
steel slag [47] tested in previous studies, the surface of recycled concrete has the more complex nature due to existence of attached old
mortar and rich angularity, which is substantiated by large variability in the results of parallel specimens. Moreover, the volume of
natural aggregate in each of the RA particles may significantly vary, which can lead to large variation of the test results. For some
specimens, it seems that the asphalt was not peeled form the old mortar portion in RA but from the natural aggregate, such as those in
Fig. 8(a). Additionally, the sample size adopted in the present study which is only five parallel specimens for one group may be
insufficient to capture the variation regularity.
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(a) Asphalt binders’ samples (b) Modelled recycled aggregate

I___> Needle

Specimen surface Droplet

L

Baseline

(c) Contact angle instrument (d) Contact angle measurement

Fig. 7. Sessile drop test process.
3.2. BBS method

3.2.1. BBS results

There are two types of bond failure in asphalt-aggregate system: cohesive failure and adhesive failure. Cohesive failure occurs when
the cohesive strength of asphalt is smaller than the adhesive strength between asphalt and aggregate substrate [50], whereas adhesive
failure occurs in the case that cohesive strength of asphalt is larger than the adhesive strength between asphalt and aggregate substrate
[44]. The BBS test is performed on asphalt —- MRA substrate system. The failure type for all specimens in normal temperature are always
found to be cohesive in Fig. 10 (a). This phenomenon is consistent with the SFE results as discussed later that W? is always less than
Wi,,» which confirms that the cohesive failure is the most common failure form for RCPAM specimens without external water and

which

reveals that the adhesive failure between RCPAM and MRA is mainly caused by the water damage. All specimens under wet condition
(i.e., subject to 50 °C water bath treatment) show the adhesive failure in Fig. 10 (b). The POTS values obtained from the adhesive
failure type can be used to evaluate the adhesion properties of asphalt-aggregate system.

Fig. 11 (a) to (d) illustrate POTS values from wet condition (POTS.t) of 70-base asphalt and RCPAM to MRA with increasing
roughness from 0 to 0.15 mm. It can be seen with the increasing of surface roughness, the averaged POTS,,; value increases by 18.1 %,
36.9 %, and 55.0 %, respectively for F/A ratios of 0.6, 0.9 and 1.2. The interfacial adhesion between asphalt and aggregate is mainly
ascribed to the micro-nano physical and chemical actions on the surfaces [50,51]. Pumping and infiltration are considered as the main
forms of asphalt binder injecting into the aggregate surface, which forms a crisscross interface [52]. Under the action of mechanical
occlusion and chemical adsorption, two materials contact at interface and bond together. With the increase of surface roughness of the
aggregate, the effective contact area and mechanical interlocking strength accordingly increase, leading to the increase of POTS¢
value [21]. The effect of surface roughness of aggregate seems to be opposite with the counterpart of asphalt binder, which is mainly
ascribed to the fact that the surface roughness of the aggregate is on the micrometer scale whereas the counterpart of asphalt binder is
on the nanoscale [53].

In terms the effects of RCP replacement ratio and F/A ratio, it is seen that the POTS,y¢t shows a declined trend with the increase of
both ratios. When comparing RCPAM-100 % with RCPAM-0 %, the maximum drop of 24.36 % happens when F/A ratio is 0.6 and
surface roughness is 0.05. In addition, as illustrated in Fig. 12, the F/A ratio of 0.9 batch and surface roughness of 0.1 batch show the
most obvious drop trend than other batches when solely making the comparison in terms of F/A ratio and surface roughness. The
results obtained from the from BBS test seems to be inconsistent with the counterparts from SFE method (surface roughness of 0 mm
batch). The most obvious declining trend in POTS.t happens at F/A ratio of 0.9 and the most obvious trend in adhesion work in wet

water erosion is unfavorable for the bond strength. Moreover, in consistent with the SFE result that Wj,, is lower than W,
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D‘O

(a) 70-base asphalt (b) RCPAM-0.6-0% (¢) RCPAM-0.9-0% (d) RCPAM-1.2-0%
(¢) RCPAM-0.6-25% (f) RCPAM-0.6-50% (2) RCPAM-0.6-75% (h) RCPAM-0.6-100%

(i) RCPAM-0.9-25% (i) RCPAM-0.9-50% (k) RCPAM-0.9-75% (1) RCPAM-0.9-100%

(m) RCPAM-1.2-25% (n) RCPAM-1.2-50% (0) RCPAM-1.2-75% (p) RCPAM-1.2-100%

%
%

Fig. 8. Boiling water test results of recycled aggregates.

* o) happens at F/A of 1.2, which reveals the potential inconsistent results brought by theoretical analysis method (SFE)
and actual experimental method (BBS). Some contradictory results between BBS and SFE methods are also obtained in previous studies
[44,54], hence it should be caution when single evaluation method for moisture resistance of asphalt mixtures is used alone [55]. Since

condition (W2
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Fig. 9. Peeling rate of RCP filled asphalt mastic on recycled aggregate.

R Rt
(b) Adhesive failure (failure at the asphalt — MRA

(a) Cohesive failure (failure in asphalt matrix)

aggregate interface)

Fig. 10. Cohesive failure and adhesion failure in BBS test.

there is no adhesion between filler and aggregate, the increase of F/A ratio will comprise the effective content and contact area be-
tween asphalt binder and aggregate, thereby reducing the binding force between asphalt binder and aggregate [33].

3.2.2. Multivariate regression analysis

Previous analysis indicates that RCP replacement ratio, surface roughness and F/A ratio apparently influence adhesion properties
of asphalt binder-aggregate system. To further explore the inherent relationships between these influential factors and bond strength of
asphalt binder—aggregate system, multiple regression analysis method that can establish linear or nonlinear mathematical correlations
between multiple variables is carried out by adopting single variable as a response dependent variable (RDV) and other variables as
independent variables (IVs). The conventional multivariate regression model can be expressed as follows:

Linear modell,Y = B, 0X; +,, X, + -+ +f o X + ©)

where o and p are regression constants. Y denotes the RDV of POTSy; and X is the IV pertaining to the RCP replacement ratio,
surface roughness and F/A ratio (k = 3). The values of IVs are 0, 25, 50, 75, 100 (RCP replacement ratio, %), 0, 0.05, 0.10, 0.15
(Surface roughness, mm), 0.6, 0.9, 1.2 (F/A ratio). In addition, previous studies [56-58] adopted the following nonlinear and mixed
multivariate models that were expressed in multivariate linear formats to achieve more accurate regression results, by taking the
natural logarithm of aforementioned conventional linear function or incorporating the mixed IVs.

Nonlinear model2,Ln(Y) = B,0X; + B, ¢ Xo + -+ + f, e Xy + )

Nonlinear model3,Ln(Y) = p,eLn(X;) 4+, e Ln(X,) + --- + f, e Ln(Xy) + ®)
. k .

Mixed model from4to(k+3),Xk/Y = ijlﬁj.Xj +a,j=1,...,k 9

11
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Fig. 11. POTSy. values of base-asphalt and RCPAM to MRA with different surface roughness.

Mixed model from(k+4)to(2k+3),Ln(Xk/Y) = Z;;lﬁj eln(X))+a,j=1,...k 10)

As listed in Eqgs. (6), (7), (8), (9), and (10), a total of 9 multivariate regression model (1 linear, 2 nonlinear and 5 mixed models)
were analyzed for the RSV of POTS. Generally, the increased number of sample data is beneficial for the multivariate regression
results [56]. A total number of 60 sample data were performed for multivariate regression analysis with the assistance of SPSS soft-
ware. Variance and residual analysis were carried out for each model and the significance of individual influential factor was tested.
The regression results of RDV of POTS, relative to the IVs of RCP replacement ratio, surface roughness, and F/A ratio were detailed in
Table 5. D-W value can be utilized to diagnose the autocorrelation of model residual deviations. The optimal D-W value is in the range
of 1.5-2.5 and is preferably close to 2.0.

As indicated in Table 5, most models present the good degree of fitting substantiated by R? value greater than 0.9. The mixed model
6 presents the largest R? of 0.976. With the comprehensive consideration of R? and D-W value, the best-fit multivariate model in
predicting the POTS,y; is identified as:

LnXg /POTS, = 1.014 +0.35Ln(Xg) — 0.35Ln(Xs) + 2.354Ln(Xy) (11)

The R? and D-W values of the best-fit model are 0.960 and 1.919, respectively. The histogram and cumulative probability of
standard residuals of the best-fit model are illustrated in Fig. 13. As shown in Fig. 13 (a), the distribution of standardized residuals
generally complied with the normal distribution, with the highest frequency is presented at zero residual value. In addition, as dis-
played in Fig. 13 (b), all residual values are generally uniformly distributed in two sides of the 45-degree diagonal of the cumulative

12
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Fig. 12. Percentage drop in POTSye; from RCPAM-0 % to RCPAM-100 % with different F/A ratio and surface roughness.

Table 5
Regression results of adhesion behavior for MRA-RCPAM interface.

Regression models (Model No.)

Linear model Nonlinear models Mixed models
No. RDV R? D-W value No. RDV R? D-W value No. RDV R? D-W value
1 POTSyet 0.957 0.870 2 In(POTSyed) 0.951 0.795 4 X1/POTS et 0.976 1.503
3 In(POTS er) 0.775 0.556 5 Xs/POTS et 0.974 0.631
6 Xg/POTS et 0.952 0.546
7 In(Xg)/POTS et 0.960 1.919
8 In(Xs)/POTS et 0.909 0.610
9 In(Xg)/POTS et 0.812 0.522

Note: R? refers to the goodness of fit; D-W value refers to Durbin-Watson statistical results; X;, Xc and X, are the abbreviations of IVs of the LCP
replacement ratio, surface roughness and F/A ratio. Since value of 0 cannot be proceeded with the natural logarithm, all 0 values in sample data are
replaced by 0.001 to perform the regression analysis.

probability distribution graph (Theoretical normal hypothesis VS sample observations), further evidencing the reliability of the normal
distribution hypothesis of sample residuals.

Table 6 lists the representative results of analysis of variance (ANOVA) and the effects of individual factor (RCP replacement ratio,
surface roughness and F/A ratio) based on model 1 (linear regression), for the purpose of assessing the overall significance of the model

20 1.0
Histogram Normal Probability
Regression model No. 7 Regression model No. 7
6L RDV: In(Xg)/POTS, 08 | RDV:IN(XR)/POTS,,,

D-W value: 1.919 D-W value: 1.919

Frequency
N
T
o
o
T

®
T

04 |-

0.2

Predicted cumulative probability

0 00 ! 1 L L
-4 4 0.0 0.2 0.4 0.6 0.8 1.0
Regression standard residual Actural cumulative probability

(a) Standardized residual histogram (b) Normal probability

Fig. 13. Standardized residual histogram and normal probability for the best-fit regression model.
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and influential degree of various IVs. It is seen that F value of model 1 is distinctively higher than Fg ¢; of 4.459 and F o5 of 2.901,
suggesting that there is overall significant multivariate regression relationship between POTSy.; and various influential IVs. Man-
ifested by the P values less than 0.05, the results of T-test that evaluates the impact of individual influential IV on target RDV indicate
that surface roughness possesses a significantly positive influence whereas RCP replacement ratio and F/A ratio possess a significantly
negative influence on the bond strength of RA-RCPAM interface under wet condition (POTSye). In addition, the higher T value
pertaining to surface roughness implies that surface roughness poses a more significant impact on POTSy,; in comparison to RCP
replacement ratio and F/A ratio, while the comparable T values pertaining to RCP replacement ratio and F/A ratio demonstrate their
similar influential degree on POTS et

3.3. SFE method

Fig. 14 lists the result of contact angle measurements. Fig. 15 illustrates the variations in surface energy of melted RCPAM with
different F/A ratio calculated from contact angle measurements. There is no consistent trend for polar component with increasing RCP
replacement ratio among asphalt mastic with different F/A ratio. When F/A ratio is 0.6, the polar component is increased with increase
of RCP replacement ratio, while opposite trend is found when F/A ratio increases to 1.2. Compared to polar component, dispersive
component of surface energy occupies the much higher proportion than polar component. The surface energy of 70-base asphalt and
MRA are 35.1 and 54.4, respectively. The surface energy of RCPAM-0.6-0 %, RCPAM-0.9-0 %, RCPAM-1.2-0 % are decreased by 2.9
%, 6.6 %, and 14.5 % compared with the base asphalt, respectively. This is caused by the fact that LSP possesses the low-polar
characteristic, and can be interacted with the asphalt to vary the surface structure of the asphalt [59]

Fig. 16 (a) and (b) compares variations in dispersive component of surface energy of and cohesion work of asphalt mastic. The
cohesion work refers to the reversible work to separate an object per unit area into two sections and form two new interfaces [60,61].
Fig. 17 (a) shows variations in adhesion work of RCPAM and MRA under dry conditions. The adhesion work refers to the reversible
work to separate a two-phase interface per unit area into two sections and form two new interfaces. The higher the adhesion work, the
more stable and stronger interface and better adhesion between two-phase materials [61]. It is seen that overall variation trends
between dispersive component of surface energy, adhesion work between recycled aggregate and asphalt are similar, evidencing the
dominating role of dispersive component in cohesion property within RCPAM and adhesion property of RA-RCPAM interface. It is seen
that dispersive component of surface energy (y,gnar)> cohesion work (W), and adhesion work in dry condition (W§,,) unfavorably
decrease with the increase of F/A ratio and RCP replacement ratio. Evidenced by increased steepness of slope of the fitting curves

shown in Fig. 16 and Fig. 17 (a), RCP content has limited effect on the vy, We, and W, of RCPAM when F/A are 0.6 and 0.9,
whereas RCP content shows more significant effect F/A is 1.2. The W§,, of RCPAM-0.6-100 %, RCPAM-0.9-100 %, RCPAM-1.2-100 %
are decreased by 4.75 %, 6.22 % and 12.1 %, respectively.

To further evaluate the moisture susceptibility of the RCPAM, the adhesion work between RA and RCPAM in wet condition (W%, ) is
shown in Fig. 17 (b). It is seen that variations of W5 show no obvious trend in terms of F/A ratio and RCP replacement ratio. The
values for all group are very limitedly fluctuated at approximately 25.5 + 1 mJ/m? Different from W, and Wi, the inclusion of RCP
does not pose any jeopardizing affect the W, . The presented results suggest that the inclusion of RCP is detrimental to the cohesion
and adhesion under dry condition while has no obvious influence for adhesion of RA-RCPAM system under wet condition.

Previous studies agree that the adhesion work between asphalt and recycled aggregate in wet condition has a close relationship
with the aggregate sizes, surface structures, and surface chemistry [23,24]. The complex source of recycled aggregate and bitumen
further complicate their chemical properties [24,29]. Recycled aggregate has the complex chemical compositions as mortar contains a
certain amount of cement hydration products such as C-S-H, Ca(OH); monosulfide-type sulphoaluminate, and ettringite. These
products weak chemical reactions with acidic asphalt [23]. Since the dispersive component mainly reflects the non-polar part of the
van der Waals force, which is closely associated with the surface structure characteristics of the tested samples [62], the inclusion of
RCP affects the surface chemistry and surface structure, thereby causing the unfavorably negative impact to both cohesion and
adhesion in dry condition. Overall, the degradations of both cohesion and adhesion under dry condition with increasing RCP content
imply that the moisture damage of RCPAM is stemmed from its both cohesive and adhesive failure [44]. While the imperceptible
impact of W5, with increasing RCP content suggests that adhesion failure energy is limitedly impacted by the inclusion of RCP with the

presence of moisture. Accordingly, the water stability of RCPAM pavement may not be inferior to the LCP filled pavement in actual
environment.

3.4. Correlation between BBS and SFE methods

Fig. 18 illustrates the correlations between POTS, in terms of W, wgw and Wi . As shown in Fig. 18 (a) and (b), the cohesion
work and adhesion work in dry condition possess the good positive correlation with POTS., with the correlation factors above 0.69.
Higher W. and Wj,, are associated with a higher bond strength for RA-RCPAM interface. Since a higher cohesion of asphalt mastic
requires a higher energy to cause the pull-off failure and asphalt mastic with a higher W§, is harder to strip from the aggregate, it is
indicated pull-off failure of RCPAM-RA system in wet BBS test is stemmed from both the cohesive failure of asphalt and adhesive failure
of asphalt-aggregate interface [44]. Different from W. and W§, , W{,, is insignificantly correlated with the bond strength of RCPAM-RA
system, which is substantiated by the unsatisfactory correlation factors shown in Fig. 18 (c). This reveals that there is not significant
correlation between W2  and bond strength for RCPAM-RA system, which shows a good agreement with the fact that the adhesion

wet
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Table 6
ANOVA and individual influencing factor results based on Model 1.
Model (IVs) F Value T Value P Value
ANOVA 421.027 — —
RCP replacement ratio — -11.459 0.000
Surface roughness — 31.035 0.000
F/A ratio — -11.899 0.000
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Fig. 15. Variations of surface energy in terms of RCP replacement ratio for RCPAM with different F/A ratio.

failure energy of RCPAM-RA system is limitedly impacted by inclusion of RCP with the presence of moisture.

4. Conclusions

This study investigated the adhesion and moisture susceptibility of the RA-RCPAM interface. Three methods were employed,
including image processing-assisted modified water boiling test on recycled aggregate, binder bond strength (BBS) test, and surface
free energy (SFE) method on modelled recycled aggregate. The results obtained from these methods are compared and analyzed.
Specifically, the influence of the surface roughness of RA on the interfacial adhesion characteristics between RA and RCPAM was
examined using the innovatively prepared MRA in the BBS test. Based on the experimental and theoretical findings, the following

conclusions can be drawn:
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Fig. 17. Adhesion works of MRA-RCPAM interface.

(1) Boiling water test, even with the assistance of image processing analysis, cannot properly evaluate the moisture susceptibility
and adhesive characteristics between RA and RCPAM. The data variation is very large and variations regularity are unclear,
possibly due to the fact the relatively small number of samples tested, and the surface properties of RA vary largely. Enlarged
sample size is recommended for future research.

(2) The BBS test on modelled RA shows cohesive failure is the most common failure form for RCPAM without presence of moisture.
Differently, adhesive failure dominates the failure type in the presence of moisture. The increase of both F/A and RCP
replacement ratios unfavorably decrease the interfacial bond strength between RA and RCPAM.

(3) A series of multivariate linear, nonlinear, and mixed models are proposed to the predict the interfacial bond strength of RCPAM
and RA at a given range of RCP replacement ratio (0-100 %), surface roughness (0-0.15) and F/A ratio (0.3-1.2). The best-fit
model possesses a R2 of 0.960 and D-W value of 1.919. Surface roughness possesses a significantly positive influence whereas
RCP replacement ratio and F/A ratio possess a significantly negative influence on the bond strength of RA-RCP interface under
the wet condition (POTSyet).

(4) The SFE method reveals that the dispersive component of surface energy (Y,gpnai)> cohesion work (W), and adhesion work in dry
condition (ery) unfavorably decrease with the increase of F/A ratio and RCP replacement ratio. RCP content has less effect on
the Yygpnar> We, and Wi, of asphalt mastic when F/A ratios are 0.6 and 0.9, whereas RCP content shows more significant effect F/
Ais1.2.

(5) The inclusion of RCP decreases the W, and Wgry but limitedly varies the W2 . The degradations of both cohesion and adhesion

wet*®

under dry condition with increasing RCP content imply that the moisture damage of RCPAM is stemmed from its both cohesive
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and adhesive failure, while the imperceptible impact of W%, with increasing RCP content suggest that adhesion failure energy is
limitedly impacted by the inclusion of RCP with the presence of moisture.
(6) The correlation between BBS and SFE results implies that there is not significant correlation between W%, and bond strength for

RCPAM-RA system, which shows a good agreement with the fact that the adhesion failure energy of RCPAM-RA system is
limitedly impacted by the inclusion of RCP with the presence of moisture.

Overall, this study primarily evaluated macroscopic interfacial adhesion characteristics between RA and RCPAM in asphalt mix-
tures. RA and RCP hold significant potential as environmentally sustainable raw materials for asphalt mixtures. The results reveal that
RA and RCP are feasible to substitute traditional raw materials into paving asphalt with acceptable performances in bond strength and
water stability, which is in line with the sustainable development and circular economy. Future efforts should be placed on microscopic
structure and chemical constituents of the adhesion interface, pavement performance, optimization of the manufacture and appli-
cation processes of the sustainable asphalt mixture filled with RA and RCP. Moreover, its environmental and cost life cycle assessment
are worthy conducted.
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