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Abstract: Reclaimed asphalt pavement (RAP) is a recyclable aggregate produced during the demoli-
tion of old flexible pavements and consists of natural aggregates (NA) coated with aged bitumen.
The detrimental effect caused by the bitumen coating on strength and porosity has limited the use
of RAP on traditional cementitious systems. This study investigates the potential use of fine RAP
to substitute NA in the production of alkali-activated slag mortars (AAM). The effect of different
activator dosages was assessed, i.e., either 4% or 6% Na2O (wt. slag) combined with a modulus of
silica equal to 0, 0.5 and 1.0. The characterisation of 100% RAP-AAM consisted of hydration kinet-
ics (Isothermal Calorimetry), pore size distribution (Mercury Intrusion Porosimetry), mechanical
performance (Compressive and Flexural strength), and microstructure analysis (Scanning Electron
Microscopy and Confocal Laser Scanning Microscopy). The results show that RAP aggregates do not
compromise the reaction of the matrices; however, it causes a significant strength loss (compressive
strength of RAP-mortars 54% lower than reference NA-mortar at 28 days). The higher porosity at the
interface transition zone of RAP-AAM is the main responsible for the lower strength performance.
Increasing silicate dosages improves alkaline activation, but it has little impact on the adhesion
between aggregate and bitumen. Despite the poorer mechanical performance, 100% RAP-AAM still
yields enough strength to promote this recycled material in engineering applications.

Keywords: RAP; alkali-activated materials; recycled aggregates; calorimetry; microstructure

1. Introduction

Reclaimed asphalt pavement (RAP) is generated during the removal of existing flexible
pavements. It consists of natural aggregates particles partially or entirely covered with aged
bitumen. Over 100 million tons of RAP are produced yearly in Europe and the USA [1], but
not all of these materials find their way back to the production chain as re-used aggregate
in asphalt production. Most recycling efforts focus on using RAP in new hot-mix asphalt or
as granular materials for unbound pavement layers [1–3], but for both alternatives, there is
a limit to the replacement level and a relatively high amount of RAP is left unused [4,5].

Many researchers [6–11] have successfully studied the incorporation of RAP in base
and subbase layers for the pavement section. High RAP replacement levels lead to a
loss of mechanical properties, which can be compensated by using stabilisers, i.e., agents
that increase the compressive and impact strength and the overall integrity of the layers
(reduction of swelling, shrinkage, abrasion, etc.) [5,6]. It is possible to stabilise RAP using
stabilisers such as lime, cement, fly ash, blast furnace slag, rice husk ash, sugar cane
bagasse ash, among others [7–9,11]. While an extremely high dosage of Ca-rich stabilisers
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is discouraged—as it may cause shrinkage, cracking, and failure of the pavement—the use
of a low Ca stabiliser may not impair sufficient strength; therefore, sometimes, it is possible
to employ alkali activation to meet the strength requirement for base materials [10,12]. The
alkali activation in RAP base/subbase layers may help compensate for the strength loss.

Alkali-activated materials (AAM) emerged in the last three decades as sustainable
building materials to replace Portland cement for some applications [13]. These binders
rely on the alkaline activation of mainly natural or calcined clay materials and industrial
residues or wastes, such as pulverised fly ash, ground granulated blast furnace slag (GG-
BFS), mining residues, among others [13–16]. The most used alkaline activators are sodium
silicate, sodium hydroxide, sodium carbonate, potassium hydroxide and potassium sili-
cate [17]. The final activated product may present high strength, chemical resistance (acidic
and sulphate environments), and comparable chloride ingress to OPC-based materials [13].

The literature on the alkaline activation of base and subbase pavement layers contain-
ing RAP materials is still scarce; some of the main research on RAP and AAM is presented
in Table 1. A recent study presented the challenges, opportunities, and research needs [18].
Hoy et al. and Horpibulsuk et al. [19,20] presented results of RAP stabilised with alkali-
activated high calcium (CaO > 10%) pulverised fly ash (PFA) for base courses. SEM and
XRD analysis indicate that the main activation products were C-A-S-H and N-A-S-H gels
and that the coexistence of both hydrates increased the strength, which was proportional
to the Na2SiO3 content. The absence of silicates resulted in low activation of RAP-PFA
systems, similar to conventional alkali-activated concretes [19]. The authors also found
C-S-H as a hydration product with higher calcium content, such as GGBFS [12].

Table 1. Main studies on RAP and AAM.

Authors System Main Findings

Hoy et al. [12,19,21] Stabilised RAP using Fly ash or slag Better durability with higher NaOH content; excess
Na2SiO3 can cause strength loss, low leachates.

Avirneni et al. [5] Stabilised RAP/NA/fly ash Minimum strength loss due to wet/dry cycles.
Saride et al. [22] RAP/NA/Fly ash RAP exposed surface is 15–70%.
Mohammadinia et al. [23] Stabilised RAP—Fly ash/slag Viable and sustainable material for pavements.
Horpibulsuk et al. [20] Stabilised RAP/Fly ash Reduced leachability of heavy metals.
Jallu et al. [24] Stabilised RAP/NA using FA Flexural fatigue behavior improved with geogrid.

Hossiney et al. [25] RAP/slag paver blocks Lower strength and abrasion resistance compared with NA.

Rahman et al. [26] Roller compacted RAP- fly ash Adequate strength for pavement material.

Miranda et al. [27] examined a full-scale application 20% alkali-activated FA stabilised
(sub)base layer. The authors observed that the alkali-activated samples presented strength
and stiffness values similar or superior to control samples (stabilised with 5% PC). Further-
more, mechanical properties improvements caused by the addition of sodium silicate to
the activating solution (NaOH) reduced over time, suggesting that Na2SiO3 had arguable
benefits in the long term (90 days).

These preliminary studies also conclude that, similarly to RAP-OPC systems, the
bitumen layer’s presence is detrimental to RAP binding to the matrix. In other words,
the RAP particles presented better bonding to the matrix for exposed aggregate surfaces,
i.e., surfaces free from bitumen. Hence, better performance may be achieved if a milling
procedure guarantees a higher exposed aggregate area [22].

The main objective of this study is to evaluate the impact of the replacement of natural
aggreges with RAP on the mechanical properties of GGBFS-based AAM (Figure 1). A
better understand of how RAP aggregates impact the properties of AAM could enable the
use of this materials as pavement layers and offer another possibility for recycling RAP.
The literature has not covered three main questions, and we aim to answer herein: (i) the
impact of the alkali content and RAP addition on the reaction of AAM; (ii) the effect of
the alkali concentration on the mechanical properties (compressive and flexural strength)
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of the mortars containing RAP; (iii) the effect of RAP aggregates on the microstructure
and porosity of the mortars. To the authors’ knowledge, this paper is the first one to
present results on the use of Isothermal Calorimetry, Mercury Intrusion Porosimetry (MIP)
and the combination of Confocal Laser Scanning Microscopy (CLSM) with Scanning
Electron Microscopy (SEM) in the characterisation of alkali-activated materials containing
RAP aggregates.
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Figure 1. Research flow-chart.

2. Experimental Program
2.1. Materials

The binder used to prepare the alkali-activated mortars was a commercial ground
granulated blast furnace slag (GGBFS) supplied by Ecocem (Moerdijk, The Netherlands).
The chemical composition of GGBFS was determined by X-ray fluorescence (XRF) and
given in Table 2. The basicity coefficient (CaO + MgO/SiO2 + Al2O3) is 1.03, and the GGBFS
is therefore basic [28,29].

Table 2. Chemical composition of GGBFS (XRF).

Main Oxides (%)

CaO SiO2 Al2O3 MgO SO3 TiO2 Fe2O3 Mn2O3

42.68 37.31 10.38 6.55 1.49 0.7 0.36 0.33

Figure 2 shows the mineralogical composition of GGBFS was determined by X-ray
diffraction (XRD), using a Bruker D8 Advance with copper radiation (Billerica, MA, USA)
(scanning at 2θ = 1◦ per minute, step size 0.04). The XRD diffractogram presents the GGBFS
as a predominantly amorphous material, due to the absence of well-defined peaks. There
is a single broad and diffuse peak 2θ ~ 32◦; it corresponds to the short-range order of the
CaO-Al2O3-MgO-SiO2 glass structure [30]. The particle size distribution of the GGBFS
(Figure 3) was measured using a Mastersizer Hydro 2000G Particle Size Analyser (Malvern,
UK) using water dispersion. The equipment is designed to carry sub-micron analysis in the
range of 0.02 to 2000 µm. GGBFS has a medium particle size of 13.7 µm, which indicates
that it is finely ground and therefore suitable for alkaline activation.
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The activation of the GGBFS was carried out by an alkaline solution composed of
sodium hydroxide (NaOH), sodium silicate (Na2SiO3), and demineralised water. VWR
supplied the NaOH (98% pure) pellets and the Na2SiO3 solution with an initial composition
of 25.9 wt.% of sodium oxide (Na2O), 7.9 wt.% of silicon oxide (SiO2), and 66.2% H2O. The
activator was prepared firstly by mixing the NaOH pellets with water, stirring until all
pellets dissolved, and waiting approximately 24 h to cool down before adding the sodium
silicate solution.

The fine aggregates used for the preparation of the mortars were natural fine ag-
gregates (NA) and the fine fraction of Reclaimed Asphalt Pavements (RAP). The RAP
aggregate, supplied by Willemen Infra Recycling (Kieldrecht, Belgium), was obtained from
local flexible pavement. The aggregates were oven-dried at 60 ± 2 ◦C for 72 h and sieved
to remove the coarse fraction. A low drying temperature was selected to avoid melting
the bitumen adhered to the particles. The aggregates particle size distribution (PSD) is
presented in Figure 4 alongside the pictures of the fractions. The fineness modulus was
equal to 2.82 and 4.53 for NA and RAP, respectively. The NA is a poorly graded aggregate
with over 85% of its particles between 0.25 and 0.125 mm, while RAP aggregates have
a better distribution among the sieves and a coarser overall size. The RAP used in this
research had its gradation curve modified to match the gradation curve of the natural sand.
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The specific gravities of the aggregates used, measured by pycnometry, were 2.74
and 2.24 for NA and RAP, respectively. The bitumen content of the fine RAP fraction was
determined by separating the binder using trichloroethylene solvent in a centrifuge as per
the NBN EN 12697-1 [31] method and was 6.9%.

2.2. Specimen Preparation

This study investigated the optimal alkali content to activate the GGBFS binder
in mortars prepared with 100% RAP as aggregate. The reference samples followed an
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identical design but used 100% NA. Six different alkali solutions were used by combining
Na2O (4% or 6% by weight of BFS) with the modulus of silica (Ms = SiO2/Na2O molar
ratio) in the activator, either 0, 0.5, or 1. The dosages were select in accordance with
the literature [28,32–34]. The mortar formulations had fixed water to GGBFS ratio and
aggregate to GGBFS ratios, 0.5 and 1.5, respectively (Table 3). In the notation of the
formulations, N denotes mortars made with natural aggregate and R using RAP. The first
number shows the %Na2O, and the second (preceded by M) designates the modulus of
silica. For example, mortar N4M1 denotes a mortar made with natural aggregate and
activated with 4% Na2O and Ms = 1.

Table 3. Formulations studied.

Notation Na2O (%) Ms Water/GGBFS Agg./GGBFS

N4M0, R4M0 4 0 0.5 1.5
N4M0.5, R4M0.5 4 0.5 0.5 1.5

N4M1, R4M1 4 1 0.5 1.5

N6M0, R6M0 6 0 0.5 1.5
N6M0.5, R6M0.5 6 0.5 0.5 1.5

N6M1, R6M1 6 1 0.5 1.5

The PSD curve of the RAP aggregate was corrected to match the NA aggregate
gradation so that the different PSD did not affect the results. In other words, all formulations
were made with aggregates with the same PSD, given by the red and blue line in Figure 4.
Before sieving, the RAP was dry mixed in a concrete mixer for 15 min to disaggregate the
granules further.

The samples were produced using the following procedure: (i) the alkali solution and
aggregates were mixed for 30 s; (ii) the GGBFS were added during mixing for the next 30 s;
(iii) the mixing continued for the next 30 s; (iv) the mixer was stopped to scrape the mixture
off the sides of the bowl and switched on again on for 1.5 min; (v) the samples were poured
into pre-oiled moulds and compacted using a vibrating table.

All samples were kept inside the mould for 24 h. After demoulding, the samples were
placed wet, sealed inside a plastic bag under room temperature (20 ◦C ± 4 ◦C) until testing.

3. Testing Procedures

An isothermal calorimeter (TAM air, TA Instruments, New Castle, DE, USA) was used
to investigate the influence of RAP aggregates on the reaction kinetics of the alkali-activated
binders. The equipment was set at a constant temperature of 20 ◦C. Approximately 15 g
of mortar were mechanically mixed inside the glass ampoule for 1.5 min. The ampoule
containing the mortar was placed inside the calorimeter 3 min after the mixing procedure
initiation. The heat production was recorded for seven days.

The flexural strength and compressive strength of the samples were measured at 1, 3,
7, 28 and 60 days following NBN EN 196-1 [35]. Three prismatic samples (4 × 4 × 16 cm)
were used at each age. The samples were kept sealed at room temperature and were tested
at 1, 3, 7, 28 and 60 days. All samples were first tested for flexural strength, followed by
compressive strength recommended by the standard method.

Mercury Intrusion Porosimetry (MIP) assessed the pore size distribution using a
Quantachrome PoreMaster-60, with low pressure ranging from 1.5 to 300 kPa and high
pressure from 140 kPa to 420 MPa. The study assumed a contact angle of 140◦ and the
surface tension of mercury of 0.48 N/m. Thin slices of the centre of the samples were
sawed (about 2 mm thick) and dried at 60 ◦C for 72 h before testing. This drying regime
did not degrade (melt) the bitumen layer on the surface of the RAP aggregates.

The microstructure characterisation was carried out by Scanning Electron Microscopy
(SEM) on Backscattering Electron Image mode and Confocal Laser Scanning Microscopy
(CLSM). Herein SEM was performed on a Hitachi TM3000 benchtop microscope (Boynton
Beach, FL, USA) to assess the porosity of samples mainly at the interface transition zone
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(ITZ) between AAM matrices and NA or RAP aggregates. A Keyence VK-X1000 Confocal
Microscope (Osaka, Japan) was first used to assess the particle shape of both aggregates
(natural and RAP) and determine the amount of bitumen covering the RAP particles
quantitatively. The latter was calculated by image analysis after treatment of 3 stitched
CLSM images (corresponding to 49 images) with the software ImageJ. CLSM was also
employed on cut and broken samples of selective mortar formulations to assess the ITZ
between matrix and aggregates. The samples for SEM were mounted on an epoxy resin
and later ground using a sequence of SiC paper and polished with diamond paste.

4. Results and Discussion
4.1. Isothermal Calorimetry

Figures 5 and 6 present the results of the isothermal calorimetry when, respectively,
natural aggregates and RAP aggregates were employed. All mortars showed a sharp main
peak at the beginning of the curve (60 ± 10 min of testing. This reaction is only partially
captured due to the time it takes to mix, load, and equilibrate the sample in the instrument.
After the initial peak, the samples prepared without silicates (N4M0 and N6M0) show an
almost immediate second increase in heat flow, while the samples with silicates (N4M1
and N6M1) show a slow reduction before the next flow peak.

The complex mechanism involved in the alkaline activation of GGBFS is not yet fully
understood and is often summarised firstly as the breakdown of the structure, followed by
polycondensation and precipitation of the reaction products [36,37]. The heat evolution
of GGBFS can be described in five steps. There is a sharp peak at the first few minutes
of the reaction associated with the partial dissolution of the slag. It is followed by an
induction period with low reactivity until the next peak. The second peak comprises the
third and fourth step, called acceleration and deceleration, where massive precipitation of
the reaction products occurs. The final step is called decay, and it is a low reactivity period
until the end of the reaction [36,38].
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Figure 5. Effect of activators on heat evolution of natural aggregate mortars.
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Figure 6. Effect of activators on heat evolution of RAP aggregate mortars.

The type of alkalis used in the activator has an important role in each of the steps. The
high intensity at the beginning of the reaction and the impact of the sample preparation
make it difficult to detect and compare the first peak. The effect of the activators on steps
two to five can be seen more clearly.

When the activator is NaOH (samples N4M0 and N6M0), the induction period is ex-
tremely short, and the second peak of the curve (associated with the formation of hydrated
products such as C-A-S-H gel) is more intense and shorter in duration [36,39,40]. Samples
with sodium silicate (N4M1 and N6M1) show a delayed second peak (after the induction
period) that is correlated to the workability retention typically from the employment of
waterglass [39]. In both systems (NaOH or NaOH + Na2SiO3), the induction period is
greatly reduced by increasing sodium oxide, which aligns with previous research [37,40].
The peaks are also higher when more Na2O is used if comparing curves N6M1 with N4M1,
and N6M0 with N4M0. This indicates that the OH− has an accelerating effect on the
dissolution and hydration of the slag [37].

When natural aggregates are replaced with RAP particles (Figure 6), the heat evolution
of the samples follows a similar trend. This result indicates that the bitumen coating on
the RAP aggregates does not alter the hydration reaction of the alkali-activated binder.
Figure 7 summarises the cumulative heat of all formulations, and it is a better way to show
some minor differences between the curves with NA and RAP, which can be attributed to
the higher heat capacity of bitumen. In other words, bitumen has a high heat capacity; thus,
RAP containing mortars yields a smaller temperature rise compared with NA-mortars.
Similar results were observed with RAP aggregates on Portland cement matrices [41,42].

The higher Na2O content (6% wt. against 4% wt. slag) generates more heat during the
activation, irrespective of the type of aggregate used (Figure 7). The effect on mechanical
performance will be discussed in the following section.
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4.2. Compressive and Flexural Strength

Figure 8 shows the average results for compressive strength of the mortars produced
with NA and RAP, while Figure 9 shows the flexural strength results. The error bars
indicate the standard deviation. The mortars containing RAP aggregates are represented as
hatched bars alongside its counterpart mortar made with natural aggregates as a solid bar.
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Figure 9. Flexural strength of mortars.

It is possible to notice that the increase in Na2O from 4% to 6% had a negligible
impact on flexural and compressive strength at all ages when Ms = 0 (NaOH-activated
formulations). Wang et al. [28] studied neat NaOH-activated slags; they concluded that
above a certain value of Na2O%, it is not recommended to increase the alkali dosage as it
will not bring any significant increase in strength and might be followed by some negative
properties such as efflorescence and brittleness. According to Komnitsas and Zaharaki [43],
KOH-activated slag in the absence of silicates takes longer to solidify, and an increase in
the alkali concentration will not bring significant changes to the compressive strength (will
not exceed 25 MPa at two days).

A better strength performance from the combined source of activation (sodium silicate
+ sodium hydroxide) is in accordance with the literature [34,44]. At later ages (7 and
28 days), there is a significant increase in compressive strength with sodium silicate—the
more sodium silicate used, the higher the compressive strength results (Figure 9). However,
the addition of sodium silicate (Ms > 0) does not have a positive effect at early ages (1 day)
for all mixes. GGBFS activated with Na2O = 4%, and Ms = 1.0 did not sufficiently react for
the 1-day assessment, while the others showed a slight increase in compressive strength.

The increase in activator dosages was less significant (15 to 43% lower at 28 days)
on flexural strength on mortars produced with both NA and RAP (Figure 9). Ageing
also played a less important role, as after three days, the results showed little difference
(taking into account the standard deviation). The high standard deviation of the samples is
likely due to flaws in the mortars paste, such as air-entrained pores. These flaws allow for
the propagation of cracks and compromise the results. The apparent decrease in flexural
strength at 60 days is likely to be related to that.

The substitution of NA for RAP caused a significant reduction in both the compressive
and flexural strength of the mortars. A similar result was reported for Portland cement
(Xijun Shi, 2020; Sarah Mariam Abraham, 2018) and alkali-activated (Nabil Hossiney, 2020)
matrices. The RAP aggregates compromised samples’ ability to develop strength over
time; it is possible to observe that the difference in strength between the NA-based and the
RAP-based mortars increases as the age of the samples. The addition of sodium silicate
promotes a rise in compressive strength, but this is less significant for RAP-AAM. Figure 10
shows the impact of increasing the Ms ratio on compressive strength gain and loss. In this
figure, 0% represents the strength found for Ms = 0. In general, adding sodium silicate to
the RAP systems had half of the effect on compressive strength compared with NA systems.
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For example, the 28 days compressive strength of NA-based mortar rose 178% when the
Ms ratio increased from 0 to 1 (at 6% Na2O), the RAP-mortar increased 79%.
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Figure 10. Gain and Strength loss in compressive strength due to the increase in Ms for (a) mortars with 4% Na2O (b) mortars
with 6% Na2O.

The inability of RAP-mortars to gain strength compared with NA-mortars is likely due
to the binding between aggregates and binder and will be further discussed in Section 4.4.

Despite the reductions in strength, it is possible to observe that RAP mortars presented
sufficient compressive strength even for pavement layers (i.e., higher than 20 MPa at
28 days). The use of sodium silicate should be kept to a minimum or avoided since it has
limited efficiency. RAP coarse aggregates may further improve the strength if aiming for a
lean concrete base course in semi-rigid pavements or surface layers in rigid pavement.

4.3. Mercury Intrusion Porosimetry (MIP)

Figure 11presents the results of pore size distribution via MIP. It is important to
highlight that this technique has some shortcomings—mainly high-pressure intrusion
that may alter the microstructure of cementitious materials and assumptions that the
pores are cylindrical [45]. Because of that, small variations in formulations might not
be detected using MIP. Nevertheless, the latter has been extensively used to characterise
cement-based materials, including AAM [46–48]. The results presented in Figure 11 are for
four formulations (N4M0, R4M0, N4M1 and R4M1). Therefore, the effect of the type of the
aggregate and presence of sodium silicate can be discussed.

It is possible to see that the total MIP porosity of the activated mortars increased with
the substitution of natural aggregates with RAP and decreased slightly with soluble silicates
(Figure 11a). This finding is in accordance with the compressive strength findings—the use
of soluble silicates increases the compressive strength of the samples while the substitution
of RAP decreases. The lower porosity and higher strength of the mortar samples in the
presence of silicates are attributed to a higher degree of GGBFS activation, thus forming a
denser pore structure [49].

The cumulative intrusion curves (Figure 11b) have a different shape according to the
types of aggregate used. The mortars containing RAP (orange and light green curves) have
coarse porosity, with more than 20% pores above 100 µm. The cumulative curves did not
change much for different Ms in the activator (M0 and M1), which shows that the type of
the aggregate affects more the pore size distribution than the matrix.

Pore distribution (Figure 11c,d) showed a predominance of micropores (<0.1 µm),
59.0% and 53.5%, respectively, for R4M0 and R4M1 and 79.5% and 82.9%, for N4M0 and
N4M1. The significant increase in macropores (>10 µm) for RAP mortars is confirmed, i.e.,
28.7% and 37.9% against 6.2% and 10.5% for mortars with NA (Figure 11d). The increased
presence of macropores can be attributed to both air entrapment and increased porosity
of the ITZ. The first could indicate that RAP confers a better performance in freezing
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and thawing and salt decay [47]. The latter explains the reductions in the mechanical
performance of RAP mortars discussed in Section 4.2.
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Figure 11. MIP results: (a) total porosity, (b) cumulative intrusion curve, (c,d) pore size distribution.

4.4. Microstructure Observation of the Mortars (SEM and CLSM)

Figure 12 shows the aggregate particles used in this research, as visualised by CLSM.
The natural aggregates (Figure 12a) have a round shape, while the RAP aggregates
(Figure 12b) are slightly angular. There is a significant difference in each RAP grain;
some are heavily coated (such as the one inside the red circles), while others have little or
no bitumen (highlighted by an arrow). The heavily coated grains also seem to be formed
by a cluster of smaller particles bonded by the bitumen. The image analysis (Figure 13)
resulted in an average of 72.9% (±9.6%) RAP particles covered by bitumen.
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Figure 14 shows the images obtained for sample N4M0. From the sawed sample
(Figure 14a), it is possible to observe the aggregate clusters and note the large quantities
of bitumen adhered to the grains, while other sections show only the bitumen with little
to no aggregates. RAP-AAM is a composite material and the interaction between each
constituent determine the mechanical behaviour of the mortar. The presence of clusters of
aggregates formed with large quantities of bitumen should have a great impact on the final
strength of the material. These clusters may reduce the strength of the composite, since
bitumen has inferior mechanical properties compared with natural aggregates.

CivilEng 2021, 2, FOR PEER REVIEW 13 
 

 

no aggregates. RAP-AAM is a composite material and the interaction between each con-

stituent determine the mechanical behaviour of the mortar. The presence of clusters of 

aggregates formed with large quantities of bitumen should have a great impact on the 

final strength of the material. These clusters may reduce the strength of the composite, 

since bitumen has inferior mechanical properties compared with natural aggregates. 

The broken sample (Figure 14b) has a more irregular surface, and also part of the 

bitumen appears dissolved into the matrix. This image shows, in particular, that the frac-

ture of the specimens predominantly happened at the interface with the bitumen layer. 

This suggests that the poor adhesion between aggregates and bitumen could also be re-

sponsible for the reduced compressive strength when RAP is used. 

  

Figure 14. R4M0 (a) sawed, (b) broken. 

The clear distinction between the matrix, aggregates and bitumen, and their distri-

bution in the microstructure is a special feature that CLSM allows in the characterisation 

of RAP-based composites. This distinction is not so evident in SEM. On the other hand, 

CLSM presents poor interface transition zone images (ITZ); the latter is better analysed 

via SEM. 

Secondary backscattered electron images on SEM of the mortars incorporating NA 

and RAP aggregates are shown in Figure 15 and 16. It is possible to observe the large 

aggregate grains and the alkali-activated matrix containing unhydrated slag particles. Fig-

ure 15a,b shows, respectively, for NA and RAP, the interface between aggregates and the 

matrix. It is possible to observe a negligible increase in porosity at the interface between 

the NA aggregates and the matrix in Figure 15a. In other words, the ITZ is not clear and 

easy to delineate (see dashed lines) in NA-based AAM. On the contrary, ITZ is easy to 

identify in Figure 15b; it is much enlarged and more porous when NA is replaced by RAP, 

which was also observed by [50] for Portland cement-based matrices. The worsening of 

the ITZ may explain the high porosity and the loss in strength observed in Section 4.2. For 

the latter, two explanations are possible: the bitumen coating reduces the roughness of the 

aggregates (and consequently the physical interlocking) and hinders any chemical bond-

ing that might occur between matrix and aggregate [42]. 

Figure 16 shows the cracking pattern of the samples. Images (a) and (b) were taken 

from samples with NA and samples (c) and (d) with RAP. The alkaline solution of samples 

(a) and (c) contained only NaOH, while samples (b) and (d) had also sodium silicate. All 

samples showed cracking around aggregate particle with connections to the activated slag 

paste. The cracking pattern has increased at the presence of sodium silicate; however, it is 

not possible to observe any increase in cracking with the employment of RAP aggregates. 

The presence of microcracks in transition zones of RAP and OPC matrices was observed 

by [51,52]. Alkali-activated slag matrices are known for having higher shrinkage than PC 

matrices [53]. However, it is unclear if the cracks observed result from the higher shrink-

age of the matrix or if it is due to the sample’s preparation. 

(b)

Bitumen

Figure 14. R4M0 (a) sawed, (b) broken.

The broken sample (Figure 14b) has a more irregular surface, and also part of the
bitumen appears dissolved into the matrix. This image shows, in particular, that the fracture
of the specimens predominantly happened at the interface with the bitumen layer. This
suggests that the poor adhesion between aggregates and bitumen could also be responsible
for the reduced compressive strength when RAP is used.

The clear distinction between the matrix, aggregates and bitumen, and their distri-
bution in the microstructure is a special feature that CLSM allows in the characterisation
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of RAP-based composites. This distinction is not so evident in SEM. On the other hand,
CLSM presents poor interface transition zone images (ITZ); the latter is better analysed
via SEM.

Secondary backscattered electron images on SEM of the mortars incorporating NA and
RAP aggregates are shown in Figures 15 and 16. It is possible to observe the large aggregate
grains and the alkali-activated matrix containing unhydrated slag particles. Figure 15a,b
shows, respectively, for NA and RAP, the interface between aggregates and the matrix.
It is possible to observe a negligible increase in porosity at the interface between the NA
aggregates and the matrix in Figure 15a. In other words, the ITZ is not clear and easy to
delineate (see dashed lines) in NA-based AAM. On the contrary, ITZ is easy to identify in
Figure 15b; it is much enlarged and more porous when NA is replaced by RAP, which was
also observed by [50] for Portland cement-based matrices. The worsening of the ITZ may
explain the high porosity and the loss in strength observed in Section 4.2. For the latter, two
explanations are possible: the bitumen coating reduces the roughness of the aggregates
(and consequently the physical interlocking) and hinders any chemical bonding that might
occur between matrix and aggregate [42].

Figure 16 shows the cracking pattern of the samples. Images (a) and (b) were taken
from samples with NA and samples (c) and (d) with RAP. The alkaline solution of samples
(a) and (c) contained only NaOH, while samples (b) and (d) had also sodium silicate. All
samples showed cracking around aggregate particle with connections to the activated slag
paste. The cracking pattern has increased at the presence of sodium silicate; however, it is
not possible to observe any increase in cracking with the employment of RAP aggregates.
The presence of microcracks in transition zones of RAP and OPC matrices was observed
by [51,52]. Alkali-activated slag matrices are known for having higher shrinkage than PC
matrices [53]. However, it is unclear if the cracks observed result from the higher shrinkage
of the matrix or if it is due to the sample’s preparation.
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5. Conclusions

This paper studied the effect of different activator dosages on the properties and
microstructure of RAP—alkali-activated slag mortars (AAM). Natural aggregates (NA)
were used as a reference. The following conclusions can be taken:

• The calorimetry studies showed that 4% to 6% Na2O (wt. slag) content in the activator
increased the heat output of all studied AAM. The presence of RAP aggregates and the
bitumen coating of the RAP particles did not compromise the reaction of the matrices.

• The substitution of NA by RAP caused a significant reduction in both the compressive
and flexural strength of the mortars—on average, 44% and 31% at 28 days, respectively.
The RAP aggregates compromised samples’ ability to develop strength over time.

• The addition of sodium silicate promotes a rise in compressive strength, but this is less
significant for RAP-AAM. While the compressive strength of NA mortars increased
up to 234% with sodium silicate, the strength of RAP mortars increased a maximum
of 88%.

• MIP results showed that samples prepared with RAP aggregates contained up to
9.3% more pores than samples prepared with NA. The pore content increase was
concentrated in the macropores (>10 µm). As pores’ presence is directly related to
strength, these findings explain the loss in strength caused by recycled aggregates
(RAP). A better mix design with more fines or a pre-treatment of RAP particles should
be investigated to overcome this.
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• Confocal Laser Scanning Microscopy (CLSM) is a helpful tool to identify the bitumen
layers and their irregular distribution among the RAP aggregates. Some RAP particles
have extremely little to no bitumen, whereas others (particularly the clusters) had
an extremely high bitumen concentration. CLSM is also important to visualise the
RAP distribution in the AAM mortars (sawed samples). This technique also presents
evidence that the broken samples fractured at the bitumen layer, suggesting poor
adhesion between aggregates and bitumen. This is linked to the reduced mechanical
performance. SEM is preferable to see the interface between aggregates and matrices
and confirmed that RAP-AAM contains a larger and porous ITZ than NA-AAM.

• Overall, it is possible to conclude that, although silicates increase the alkaline acti-
vation, it has little or no impact on the adhesion between aggregate and bitumen.
Therefore, soluble silicates should be limited to low quantities in RAP-AAM. Any
improvements in the matrix are unlikely to avoid adhesion issues that compromise the
mechanical performance. Despite the reduction in strength caused by the increased
porosity and poor binding to the matrix, it is still possible to achieve sufficient strength
with RAP-AAS for many engineering applications.
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