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Abstract

The application of alkali-activated industrial by-products for the stabilization of reclaimed
asphalt pavement (RAP), can become a sustainable solution to reduce the carbon footprint
of road construction and maintenance activities. Furthermore, this approach can also
reduce the increasing depletion of natural resources. Thus, the durability and long-term
mechanical performance of RAP stabilized with alkali-activated fly ash were assessed in
this study. The alkaline activator was a solution composed of sodium hydroxide and sodium
silicate. To this extent, unconfined compressive strength (UCS) and durability tests were
conducted in this research. The proposed alkali-activated binder significantly increased the
UCS of RAP mixtures, with long-term (365 days) results reaching values up to 32 MPa;
fulfilling the strength requirements for cement-stabilized soil mixtures and even stable
inorganic binder materials for road base and sub-base layers of pavements. These results
indicate that when stabilized with an alkali-activated fly ash binder, RAP presents several
applications for road engineering; even when subjected to seasonal variations in humidity

and temperature, as shown by the durability tests.

1. Introduction

The increase in traffic load has been a constant
concern on the performance of existing roadways. In Brazil,
maintenance operations are mainly focused on resurfacing
the older asphalt layer; however, to preserve a satisfactory
Level of Service (LOS), the other structural layers of the
pavement should also be considered for maintenance. Among
the different solutions available to improve the structural
response, reclaimed asphalt pavement (RAP) materials
are becoming a viable option to increase the mechanical
performance of pavements.

The increase in the extraction of raw materials for
roadway applications has been the focus of different studies,
especially regarding its impact on mechanical consequences and
environmental and economic aspects. Traditional techniques,
such as granular materials stabilized with Portland cement
(PC), increase the bearing capacity of pavements. Furthermore,
alternative types of cement have shown comparable mechanical
and economical performances to OPC, while resulting in
better environmental behavior. It is estimated that 7% to 8%
of total the global CO, generation results from PC production
(Celik et al., 2015; Luukkonen et al., 2018). The growing
PC demand on infrastructure construction or maintenance
operations has represented a critical issue for Global Warming

Potential (GWP) since these operations usually consume
reasonable volumes of raw materials.

Different sustainable techniques have been proposed
to improve the bearing capacity of granular materials with
PC, such as biopolymers (Rezende et al., 2021; Porter et al.,
2018), lime-ash blends (Haas & Ritter, 2019; Shen et al.,
2007) and geosynthetic reinforcements (Consoli et al., 2009;
Gowthaman et al., 2018; Wu et al., 2015). On the other hand,
alkali-activated binders have represented an alternative to the
chemical stabilization of granular materials. Alkali-activated
mixtures are normally composed of two components:
precursors (e.g. slags, amorphous silica, or silicates) and
activators (e.g. solid sodium or potassium hydroxide). It is
important to highlight that different industrial waste can be
applied as precursor materials. In this sense, an important
industrial waste is coal fly ash (FA) derived from the burning
of coal in thermoelectric plants. More than 750 Mt of this
waste are generated annually worldwide, but the average
reuse in this global perspective is only about 25% (Blissett
& Rowson, 2012).

Several studies have demonstrated the benefits of alkali-
activated materials in RAP mixtures (Adhikari et al., 2020;
Avirneni et al., 2016; Horpibulsuk et al., 2017; Hoy et al.,
2018, 20164, c; Singh & Middendorf, 2020). Most research
has been focused on the strength behavior of the mixtures
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while trying to set a relationship between field and laboratory
performance. These alkali-activated mixtures are known for
obtaining quick hardening when compared to PC, which in
turn may be suitable for roadway structure reconstruction.
In addition, alkali-activation could be seen as a competitive
alternative to PC, considering that this technique is less energy
intensive and, consequently, represents a more sustainable
roadway life cycle.

On the other hand, the durability performance of alkali-
activated mixtures is an important issue, considering that
maintenance operations in granular layers are not usually a
technical solution to improve roadway performance. Previous
studies (Solanki & Zaman, 2014) have utilized the wetting/
drying durability tests to evaluate the long-term performance
of cemented layers. In general, the wetting-drying cycles
increased the unconfined compressive strength (UCS), not
representing the proper deterioration mechanism of the
cemented layer; this increase in UCS is related to the water
availability and temperature increase during testing, which
accelerates the cementitious reactions. An alternative to this
problem would be the frost/defrost durability test, however,
this test is more appropriate for cold-weather places (e.g.
Europe and North America). Tropical countries, such as
Brazil, normally experience hot and wet weather conditions,
resulting in more complex analysis of the weathering effects
on long-term performance.

With that in mind, this research analyzed RAP mixtures
stabilized with alkali-activated FA in different proportions,
aiming to test their efficiency as a base material for flexible
pavements. To this extent, wetting-drying durability tests
were carried out on the stabilized RAP mixtures, with a new
method for evaluating the weathering effects. In addition,
cement fixation and strength of the mixtures were also
evaluated in long-term periods (up to 365 days). This study
aims to help in the promotion of innovative and sustainable
materials such as RAP stabilized with alkali-activated FA in
pavement construction without premature failures.

2. Materials and methods

RAP was collected in a Brazilian roadway (BR-285,
kilometers 275-276) in southern Brazil. The virgin aggregates
were acquired from a deposit in the city of Passo Fundo, also
southern Brazil; these aggregates are normally composed of
basaltic rocks. In addition, tropical weather is observed in this
region, with an annual average temperature of 16 °C (INPE,
2021). The RAP utilized in this research is the result of a
milling operation, that was later transported and conditioned
into specific piles. Considering that the milling process usually
results in large pieces of RAP, all the mixtures were sieved
down to 25 mm. Other three virgin aggregates: gravel 3/8”
(20mm grain size), gravel 3/8” (12.5mm grain size), and
stone powder (4.0mm grain size) were used in the mixture
composition. The grain size distribution of the materials is
shown in Figure la. The bitumen content of the RAP was
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Figure 1. Grain size distribution of (a) granular materials and (b)
mixtures.

determined in accordance with ASTM D2172 (ASTM, 2011),
resulting in a value of 5.5%, while the specific gravity was
2.7 g/lem?,

Two types of cement were explored in this research:
high early-strength Portland cement (control group) (ASTM,
2012a) and alkali-activated cement. The first cement was
chosen based on its capacity of developing most of its strength
on the first days of curing.

As for the second cement, its composition was based
on an alkali-activated solution obtained from the precursor
and activator mixture. Two precursors were applied in this
research, commercial metakaolin and FA, with FA being
a byproduct of a thermoelectric power plant located in
Charqueadas, southern Brazil (260 km from the local of this
study). Two main minerals (diffraction intensity) of quartz
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and mullite were detected by XRD pattern in the region of
15 ©- 50 © 26 for FA, as shown in Figure 2. Alkali-activate
materials produced from sodium hydroxide regularly exhibit
lower mechanical strength compared to mixtures produced
with silicate-based activators (Provis et al., 2005). With that
in mind, two compounds were used as activators to establish
proper conditions for the precursor activation. The activation
process was carried out using a solution combination of
sodium hydroxide (NaOH) and sodium silicate. Due to
its lower cost and reasonable efficiency, NaOH has also
been used in different research. The 99% purity NaOH was
dissolved into water and then added the precursors until a
10M concentration was reached.

2.1 Dosage parameters, molding, and curing
procedures

RAP percentage in Full Depth Recycling (FDR) is
considered an important issue in structural conception of
pavements, considering that it establishes the necessary binder
amount to reach a satisfactory mechanical performance.
To obtain a proper grain size distribution, virgin aggregates
were added to complement the fine grain size portion
(Figure 1). This procedure was needed, once RAP was
collected directly from the milling process, which results in
larger particles, not representing the grain size of material
after the reclamation process. Figure 1b shows the maximum
and minimum limits of grain size distribution. These limits
are compatible with the “C” granular distribution interval as
specified in the Brazilian standard (DNIT, 2010). Table 1 shows
the percentages of each material used to compose the grain
size distribution curves that fit the DNIT curve “C” and
Figure 1b shows the grain size distribution curves resulting
from these compositions. The adopted mixture intervals
have been considered satisfactory to the ones suggested by
the Wirtgen company (Wirtgen GmbH, 2012).

As for the mixtures composition, the objective was
always to utilize the highest amount of RAP possible. Thus,
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Figure 2. Mineralogical composition of FA.
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mixtures with 20, 45, and 70% of RAP stabilized with
contents of 2%, 4%, and 6% cement were studied. The 45%
RAP content was considered satisfactory and this value was
later set for the stabilization analysis. The alkali-activated
binder was utilized in amounts of 10%, 20%, and 30% (S/L
ratio of 0.5). In addition, NaOH:Na,SiO, ratios of 70:30,
80:20, and 90:10 were also studied for the alkali-activated
cement. These mixtures were submitted to UCS testing to
verify the requirements/guidelines for base layers of flexible
pavements (DNIT, 2013). The weathering of the specimens
was studied by the wetting-drying cycles of the durability
test. It is important to highlight that the performance of
the mixtures can also decline over time due to specimen
deterioration. Thus, UCS tests were carried out in the
durability specimens, to estimate the strength loss after the
weathering cycles. A detailed flowchart of the experimental
program is shown in Figure 3.

As for the molding procedures, specimens of 100mm in
diameter and 200mmin height were utilized. A tolerance of
0.1 g/cm® and 1% were adopted for specific mass and moisture
content, respectively. After molding, OPC specimens were
immediately placed in a temperature and moisture content
controlled chamber. On the other hand, alkali-activated
specimens required a different treatment; specimens were
oven-cured at 50°C for 24 hours after the molding process.
After this process, specimens were also placed in a temperature
and moisture content controlled chamber.

As previously mentioned, the curing process of all
samples was carried out in a temperature and moisture
content controlled chamber (© =90+ 2% and T=23 + 2 °C).
The curing period for UCS testing was set as seven days for
all specimens.

2.2 Compaction test

The Proctor compaction test (modified energy) was
performed to define the optimal moisture content (woptim ) and
the maximum dry unit weight (74) of all mixtures. A typical
behavior for granular compacted materials was obtained from
the compaction tests; however, a clear maximum 7z was not
identified for all mixtures. For the molding procedures, a dry
unit weight of 19.5 kN/m? and a moisture content of 7.5%
were utilized for all combinations, representing the minimum
water content to obtain the highest 74. It is noted that for the

alkali-activated mixtures, the compaction test was conducted

Table 1. Proportions of granular materials.

Reclaimed
asphalt Stone powder Gravel 3/4”  Gravel 3/8
pavement content (%) content (%) content (%)
content (%)
20 38 21 21
45 33 10 12
70 30 0 0
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Figure 3. Flowchart of the experimental program.

without adding the activating solution, considering that the
cementitious process occurs quickly; also, an adjustment in
water content was necessary to obtain the optimum moisture
for compaction, which resulted in an equal discounting of
the water volume of the activator solution. Therefore, the
solution was prepared 24 hours before the final mixture with
the raw materials.

2.3 Unconfined compressive strength (UCS)

UCS tests were carried out following the procedures
of ASTM D2166 (ASTM, 2016). The cylindrical mold mass
was checked before and after molding to obtain the mass
of the wet specimen. After that, specimens were placed in
hermetic bags for 24 hours; then, specimens were demolded
and placed in a temperature and moisture content (0 =90 +2%
and T = 23 + 2 °C) controlled chamber for curing during
7 days. A hydraulic loading press with a 0.45 MPa/s shear
speed was utilized. Neoprene disks were used at the ends
of the specimens to improve the contact area during testing.

2.4 Durability testing and long-term performance

The durability and long-term performance test followed
the guidelines of ASTM D 559 (ASTM, 2012b). The specimens
were immersed in water for 5 h at room temperature. Then,
specimens were oven-dried at 70 °C for 42 h. This exposure
for 47 h to both wet and dry scenarios constitute a single
cycle. After wetting and drying, specimens were weighed
after two firm strokes all around the surface with a wire brush.
Contrary to the standard procedure, the number of cycles of
this research was increased to 16, providing an evaluation
of the specimens’ deterioration at long-term.

The long-term performance of stabilized RAP as
base course material in pavements is questionable, since
several reactions between the stabilizer and the amorphous
asphalt content are not clearly understood. Concerning the
potential effects of the different binder combinations over
long curing periods, a long-term behavior investigation was
also conducted. To this extent, specimens cured for 365 days
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were submitted to 2, 4, 8, and 16 wet/dry cycles and then
tested regarding their UCS.

3. Results

3.1 Unconfined compression strength of PC-stabilized
RAP

The influence of RAP and cement content on the unconfined
compressive strength is shown in Figure 4. Results indicate that
the increase in PC content increases the mechanical strength,
especially for the lowest RAP content. This behavior was also
observed in other studies (Consoli et al., 2007; Diambra et al.,
2017; Festugato et al., 2018; Mohammadinia et al., 2016;
Suebsuk & Suksan, 2014; Taha et al., 2002).

RAP content presents no significant influence on the
mechanical behavior of the mixtures. This preliminary result
attests to the possibility of using high levels of RAP for
cemented bases. However, a great variability was evidenced
for 6% cement content specimens. This behavior can be
attributed to the greater amount of water needed for higher
cement content specimens, impairing the molding process.
In addition, despite being statistically equal, the average
values of UCS for the 70% RAP specimens presented a worse
mechanical behavior; which can be attributed to the grain
size composition of the mixture. For 70% RAP specimens,
only stone powder was added to the mixture, with no other
granular materials; thus, less packing of the particles was
evidenced, resulting in a reduction of strength. With that in
mind, the other mechanical parameters of this study were
evaluated only for the 45% RAP content specimens.

3.2 Unconfined compression strength of alkali-
activated stabilized RAP mixtures

Figure 5 presents the UCS results for the alkali-activated
binder (AAB) stabilized RAP blends. The increase in AAB
content led to an increase in UCS for all mixtures; increasing
AAB content reduces porosity, enhancing strength development.

Goldoni et al., Soil. Rocks, Sdo Paulo, 2023 46(1):¢2023007422
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The porosity reduction induces a larger contact area between
particles, intensifying the interlocking and mobilizing the
friction between particles. Furthermore, the increase in AAB
content is linked to the increase in cementitious reactions,
also contributing to the development of strength (Pereira
dos Santos et al., 2022). Similar results were found for RAP
stabilized with alkali-activated ligands (Hoy et al., 2016b,
d; Mohammadinia et al., 2016).

In addition, only mixtures with 30% AAB and
NaOH:Na,SiO, ratio of 70:30 and 80:20 showed a minimum
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Figure 4. Unconfined compressive strength of PC-stabilized RAP.
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Figure 5. Unconfined Compression Strength of alkali-activated
FA binder stabilized RAP.
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strength of 2.1 MPa at 7 days (minimum requirement of the
National Department of Infrastructure and Transport in Brazil
(ABNT, 2012a) for utilization as road construction material).

3.3 Durability and long-term performance

Figure 6 presents the accumulated loss of mass (ALM)
results of the alkali-activated mixtures. In general, it is noted
that the ALM is more significant in the first cycle, considering
that more unbounded grains can be found on the surface of
the specimen. Furthermore, most of the ALM occurred at the
interface between the RAP and the binder, where the RAP
particles are coated by bitumen. This can be attributed to the
poor cementation/bonding between the asphalt coating and
the binder (fly ash) (Avirneni et al., 2016). The sample with
the lowest AAB content (10%AAB — NaOH:Na,SiO, ratio
= 80:20) presented a contradictory behavior, resulting in a
significant loss of mass in the last 6 cycles, possibly due to
the low amount of binder that was not able to involve most
of the aggregates.

The increase in silicate content reduced the ALM for
the studied mixtures; this behavior can be associated with
the greater amount of material that reacted with the NaOH
solution and fly ash. Thus, the increase in silicate content
resulted in more durable specimens, corroborating the
behavior found in the other mechanical tests and indicating
that durability is directly linked to strength. Such behavior
may also be associated with a greater mobilization of friction
due to the reduction of porosity associated with the increase
of cementitious reactions (Pereira dos Santos et al., 2022).
Similar behavior was also found for soils stabilized with
Portland cement (Consoli & Tomasi, 2018); stabilized dispersive
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Figure 6. Accumulated loss of mass after wet-dry cycles for alkali-
activated FA binder stabilized RAP.
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soils (Consoli et al., 2016); soils stabilized with ash and lime
(Consoli et al., 2020, 2018b); stabilized reclaimed asphalt
pavement (Consoli et al., 2021, 2018a) and gold tailings
stabilized with Portland cement (Consoli et al., 2018c), in
which lower porosities showed greater durability.

Regarding the AAB content, the highest ALM values
were observed for 10% and 30% A AB specimens, indicating
the existence of an optimal content that provides a matrix with
greater durability, when subjected to weathering conditions.

According to the Portland Cement Association (PCA,
1956), the maximum ALM after 12 wet-dry cycles for
granular soils cured at room temperature for 7 days is 14%.
In this study, all mixtures met this requirement, indicating the
feasibility of the proposed treatments to improve durability.
However, specimens with higher levels of sodium silicate had
better performance. Thus, mixtures with 20% AAB and 20%
sodium silicate (20% AAB — NaOH:Na,SiO, ratio = 80:20)
are potentially better in terms of performance under field
conditions. However, the other mixtures are also considered
feasible, as the mass loss is within the limits of PCA.

The long-term strength (365 days) of the mixtures
after the wetting-drying cycles was also evaluated and the
results are shown in Figure 7. Although there are no standard
specifications for the compressive strength after the wetting/
drying cycles, this long term assessment is important especially
when alternative/waste materials are used in high amounts.

The mixture with the highest ALM resulted in a reduction
of strength over the cycles, while the other maintained or
even increased strength over time. Even after the weathering
cycles, all specimens still met the minimum regulatory strength
requirements of 2.1 MPa (ABNT, 2012b). For specimens
that increased in strength over time, the wetting-drying
cycles played the role of thermal curing and not of material
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Figure 7. Long-term UCS after wet and dry cycling for alkali-
activated FA binder stabilized RAP.

degradation mechanisms as observed in previous studies
(Miraki et al., 2022; Nazari et al., 2011).

Despite the slow reaction process, characteristic of
activated alkali materials, an average increase of about 3 times
was observed when compared with the strength obtained
at 7 days (Figure 5). The tendency of increasing strength
for long-term periods was also observed in similar works
using secondary materials (e.g., RAP and fly ash); however,
authors concluded that from the 56-days mark, the rate of
improvement in strength was negligible (Avirneni et al., 2016).

Furthermore, it can be concluded that the AAB content
influenced the results, and the 30% content showed the
best strength performance after the wetting-drying cycles.
In addition, based on the performance of the mixtures submitted
to the 16 cycles of wetting/drying, more than 16 years of
project life in the field can be estimated, since each cycle
can be considered a year of seasonal variation in humidity
and temperature (Avirneni et al., 2016).

4. Conclusions

This study investigated the durability and long-term
mechanical performance of RAP stabilized by an alkali-
activated fly ash-based binder, activated by a combination of
sodium hydroxide and sodium silicate. A group 84 samples
were utilized to investigate the strength and durability
performance of cemented materials.

Fly ash was successfully activated for the 30% AAB
mixtures at activator ratios (NaOH:Na,SiO,) 0 70:30 and 80:20,
increasing strength and fulfilling design requirements for granular
materials. This indicates a great potential of alkali-activated
materials for ground improvement applications. In addition, the
durability investigation indicated that all blends satisfactorily
attended the Portland Cement Association ALM specifications.

Even though the specimens were submitted to weathering
cycles, all mixtures demonstrated UCS higher than the
standard requirements for paving applications. Nevertheless,
the durability test methodology was not useful to evaluate
the degradation of the mixtures, since strength increased
over the cycles. This evidence suggests that the weathering
cycles played a role in curing due to the process of drying
into the thermal chamber.

The long-term study has shown no significant reduction
in strength over time, which indicates that the binder remained
in the RAP mixtures. Thus, alkali-activated materials may
be an alternative for traditional Portland cement. However,
futures studies considering experimental segments are required
for the road structural performance.
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