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Abstract

This work presents an innovative approach to enhancing the performance of concrete with
reclaimed asphalt pavement (RAP) aggregates using titanium dioxide (TiO;) nanoparti-
cles. Traditional limestone coarse aggregates were partially replaced with 30% and 50%
RAP aggregates; a subset of mixtures containing RAP aggregates was treated with TiO,
nanoparticles. The rheological, mechanical, and long-term properties of concrete, along
with changes in its chemical composition following the addition of RAP and TiO,, were
evaluated. Results revealed that using 30% and 50% RAP in concrete mixtures reduced their
compressive strength by 18% and 27%, respectively. However, using TiO; in those mixtures
enhanced their compressive strength by 8.7% and 6.3%. Moreover, concrete with 50% RAP
exhibited an 85% increase in water absorption (the highest among all mixtures) compared
to the control. TiO, treatment was most beneficial in the 30% RAP mixture, reducing its
water absorption by 32.5% compared to its untreated counterpart. Additionally, the 30%
RAP mixture treated with TiO, showed the highest resistance to sulfates among modified
mixtures, as its compressive strength decreased by 10.4% compared to a decrease of 23%
in the strength of the untreated 30% RAP mixture. Statistical analysis using single-factor
ANOVA showed that integrating RAP aggregates with or without the presence of TiO;
particles would significantly affect the concrete properties in terms of their population
means. The t-test analysis, on the other hand, proved sufficient evidence that the mean
values of the 30% RAP mixture treated with TiO, would not differ significantly from the
control in terms of its slump and water absorption properties. The chemical structure
analysis revealed an increase in the Si-O-Si and Si-O functional groups when using TiO; in
RAP mixtures, suggesting improved hydration activity and accelerated C-S-H formation
in the treated RAP mixtures. Moreover, distinct C-H peaks were witnessed in concrete
with untreated RAP aggregates, resulting from the aged asphalt coating on the RAP, which
weakened the bond between the RAP and the cementitious matrix.
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1. Introduction

In recent years, sustainable construction has become the primary focus of researchers
due to the escalating environmental concerns and the depletion of natural resources [1,2].
Natural aggregates, such as sand and gravel, which constitute the major components of
concrete mixtures, are being depleted at an alarming rate due to excessive extraction [1,3].
Therefore, there is an urgent need to adopt alternative construction materials, particularly
those derived from waste streams like construction and demolition waste (CDW), to con-
serve natural resources and reduce environmental pollution [4]. Among CDW, reclaimed
asphalt pavement (RAP), generated during pavement rehabilitation and reconstruction, has
significant potential as an aggregate replacement in concrete production [5]. RAP consists
of aggregates coated with aged bitumen and has traditionally been reused in new asphalt
mixtures [6]. In 2021 alone, approximately 94.6 million tons of RAP in the United States
were reused in pavement construction, repurposing nearly 89 million tons of traditional
aggregate [7,8]. Moreover, the use of RAP in asphalt mixtures has been associated with a
net decrease in CO, emissions of 2.6 million metric tons [7]. Therefore, the integration of
RAP into concrete can also decrease the demand for natural aggregates and contribute to
significant reductions in CO, emissions associated with the production and transportation
of conventional aggregates [9]. Nevertheless, RAP’s characteristics differ significantly from
those of natural aggregates due to the aged asphalt coating, which adversely affects the
mechanical and durability properties of concrete [9]. Specifically, the presence of asphalt
coating in RAP aggregates resulted in concrete mixtures with lower specific gravities,
higher porosities, reduced compressive strengths, and reduced bonding with the cement
paste [10-13]. Accordingly, few researchers have attempted to enhance the performance
of RAP—concrete mixtures using various mineral admixtures, such as fly ash, silica fume,
and bagasse ash extracted from sugarcane [14-18]. Moreover, silica fume was the most
effective among all mineral admixtures in minimizing the reduction in the RAP—concrete’s
strength. For instance, Singh et al. [15] demonstrated that using 5% silica fume in concrete
with 100% coarse RAP aggregates resulted in a 5% decrease in the compressive strength.
In contrast, a 19% decrease in strength (compared to the control) was noticed when using
10% silica fume in concrete with 50% fine and 50% coarse RAP aggregates, as reported by
Debbarma et al. [14]. The same study demonstrated that the use of 10% silica fume success-
fully reduced the water absorption and porosity of concrete with 50% fine and 50% coarse
RAP aggregates by 13% and 5.6%, respectively [14]. Moreover, Singh et al. [15] reported a
reduction of 46% in water absorption of RAP—concrete containing 100% coarse RAP when
using 10% silica fume. However, all RAP-concrete mixtures that were investigated in
previous research still suffer from strength reduction despite the use of mineral admixtures.
Moreover, all previous studies have focused on enhancing RAP-concrete performance by
employing traditional secondary cementitious materials, and an extensive review of the
existing literature did not reveal any studies that used other chemical compounds. This
highlights a critical gap in the literature and emphasizes the need for innovative approaches
to enhance the performance of such mixtures.

One innovative material with significant potential for this purpose is titanium dioxide
(TiOy), which is widely recognized for its beneficial photocatalytic properties and chem-
ical stability [19]. Moreover, previous research has demonstrated the efficacy of TiO; in
enhancing concrete performance, as the integration of TiO, particles into concrete mixtures
at varying ratios has resulted in increased strength and improved long-term performance.
For instance, Qudoos et al. [20], Nazari and Riahi [21], and Braganca et al. [22] reported a
reduction in the water absorption of concrete when replacing cement with TiO, in various
ratios, ranging from 1 to 12%. Additionally, it was found that TiO, particles can help
reduce chloride penetration through concrete, and their efficacy increases with increasing
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dosage up to 5% [23]. Moreover, most studies agreed on the positive effect of TiO, particles
in increasing the concrete’s compressive strength, where an 18% increase was observed
when using 1% TiO; [21], a 38% increase when using 3% TiO; [24], a 24% increase when
using 10% TiO, [25], and a 42% increase when using 6% TiO; [26]. On the other hand,
TiO, was also employed to improve the properties of concrete containing waste materials,
such as rubber and glass. The findings of Abdullah et al. [27] demonstrated the ability
of TiO; to reduce the water absorption and drying shrinkage of concrete containing fine
rubber aggregates, as it strengthened the interfacial transition zone (ITZ) between the
rubber and cement paste. Additionally, Baikerikar et al. [28] highlighted the role of TiO,
in enhancing the mechanical performance, acid and chloride resistance, and imperme-
ability of concrete containing glass powder due to its ability to fill pores and densify the
concrete structure.

Given the demonstrated advantages of TiO; in concrete applications and the cur-
rent challenges associated with RAP aggregates, this research investigates the integra-
tion of TiO,-treated RAP particles in concrete mixtures to replace traditional limestone
coarse aggregates. Specifically, the study assesses the impact of TiO, treatment on
physical, mechanical, and long-term properties, as well as synergistic characteristics
of RAP—concrete.

2. Experimental Design
2.1. Materials and Mix Formulations

Ordinary Portland cement (CEM I 42.5 N), supplied by the Manaseer group, river
sand fine aggregate with a maximum grain size of 2 mm, and limestone coarse aggregate
with a maximum grain size of 20 mm were used to produce the concrete mixtures in this
study. Moreover, the reclaimed asphalt pavement (RAP) was collected from a recently
rehabilitated local road in Al-Karak, Jordan (Althanya-Alhawya road), which was milled
to a depth of 50 mm. The collected RAP had an apparent specific gravity of 2.60, an
SSD specific gravity of 2.46, a water absorption of 2.3%, and an asphalt content of 5.6%
with a penetration of 28 dmm and a softening point of 60.3 °C. The pavement had ap-
proximately 12 years of aging under traffic and environmental exposure. The RAP was
air-dried, crushed, and sieved to achieve the same gradation size as the used limestone
coarse aggregate (Figure 1), conforming to ASTM C33 grading requirements, and it was
incorporated into concrete at a 30% and 50% ratio of the weight of the coarse aggregate
(replacing the limestone aggregate). Additionally, titanium dioxide (TiO;) nanoparticles
with a size of 25 nm, supplied by Handan Yueci Advanced Materials Co., Ltd., China, were
added into the concrete mixture by partially replacing cement at a dosage of 1% by weight.
TiO;, nanoparticles were dry-mixed with the cement before their addition to the mixture.
This is the optimal dosage of the material as recommended by previous research [27,28]. It
is essential to note that, due to the associated toxicity risks of airborne nanoparticles, TiO,
powder was handled with the use of a fume hood, where researchers wore N95 respirators,
nitrile gloves, and protective goggles. The entire dry mixing process was conducted in
closed systems to minimize aerosolization. These procedures were carried out in accor-
dance with the safety procedures outlined by Silva et al. [29] and Buzea and Pacheco [30],
which focus on approaches to managing risks associated with the use of nanomaterials in
construction laboratories.
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Figure 1. Sieve analysis chart of the coarse limestone and RAP aggregates.

100

The physical characteristics and specifications of the used nano-TiO, are illustrated in

Table 1.

Table 1. Specifications of the used TiO,.

Color White
Purity (%) >95
pH 7.3
Surface area (m?/g) 52
Average particle size (nm) 25
Density (g/cm?) 5.2
L.O.I (%) 0.1 max

Five concrete mixes were prepared, including a control mix (CL0) with 0% RAP, a mix
containing 30% RAP (RAP30), a mix containing 50% RAP (RAP50), a mix containing 30%
RAP and 1% TiO, (RAPT30), and a mix containing 50% RAP and 1% TiO, (RAPT50). After
mixing, concrete was cast into 75 cube molds with a volume of 150 mm?3. The tests were
performed in triplicate, and the mean values were calculated to establish the reliability of
the findings. After demolding, the mixes were cured in a water bath at a temperature of
22 £ 1 °C. The mix design and the quantities of used materials are illustrated in Table 2.

Table 2. The adopted mix design.

Coarse Fine Coarse
Mix Water Cement Ageregate Ageresate RAP TiO,
Designation (Kg/m3) (Kg/m?®) 58 g3 88 g3 Aggregate (Kg/m?®)
(Kg/m?) (Kg/m>) 3
(Kg/m3)

CLO 201.0 466.0 1134.0 701.0 0.0 0.0
RAP30 201.0 466.0 793.8 701.0 340.2 0.0
RAP50 201.0 466.0 567.0 701.0 567.0 0.0
RAPT30 201.0 461.3 793.8 701.0 340.2 4.7
RAPT50 201.0 461.3 567.0 701.0 567.0 4.7
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2.2. Testing Methods

The slump cone test was utilized in this study to assess the workability of the desig-
nated concrete mixes following the guidelines of BS EN 12350-2 [31]. This test aimed to
examine the consistency of mixtures in the presence of RAP and TiO5.

The mechanical properties of all the mixes were evaluated after 7 and 28 days using
the compressive strength test, following the BS EN 12390-3 [32]. This test was accomplished
using the Controls AUTOMAX 5 50-C4652 apparatus, where a loading rate of 1.2 MPa/min
was applied to the test cubes.

Moreover, the permeability of concrete was assessed at 7 and 28 days, in accordance
with the guidelines of BS 1881-122:2011 [33]. The concrete cubes were first dried in an oven
at 110 &+ 5 °C until a stable weight was reached. Afterwards, all cubes were submerged in a
water bath, and their weights were taken at 24, 48, and 72 h intervals. The water absorption
rate was determined using the following equation [34]:

M, — M,
d

Water absorption (%) = x 100%
where M is the dry weight of the sample and M; is the weight of the sample after soaking
in water.

Furthermore, the resistance of concrete to acid attack was also evaluated as part of the
durability testing program of the concrete mixtures, adhering to the procedure of ASTM
C1898 [35]. The 28-day concrete cubes were immersed for 90 days in a 5% solution of
sulfuric acid (HpSO,). Afterwards, all samples were dried at room temperature (23 £ 2 °C)
for 3 days, followed by testing the loss in their compressive strength due to sulfate attack.

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) analy-
sis was performed to investigate the synergistic effect of using RAP and TiO, in the concrete
mixes and their influence on the chemical structure of concrete. The test was performed
using a PerkinElmer Spectrum Two FTIR apparatus equipped with a diamond/ZnSe ATR
crystal across a wavenumber range of 4000 cm ™! to 400 cm~!. Concrete samples repre-
senting the five mixtures (CLO, RAP30, RAP50, RAPT30, and RAPT50) that were cured
for 28 days were dried in an oven at 105 &+ 5 °C for 48 h and then ground into a powder
using an agate mortar (passing through a 75 pm sieve) to ensure suitable contact with the
ATR crystal. All samples were analyzed using 32 scans at a 4 cm ™! resolution, followed by
baseline correction of the spectra using SpectrumTM 10 software.

Statistically, the ANOVA single-factor was applied to investigate the significance
among the concrete mixes at a 95% confidence level. The physical properties of all mixes
were initially evaluated using this hypothesis in terms of their means(), as follows:

Ho: pcro = HRAP30 = HRAP50 = HRAPT30 = MHRAPT50

Hj : One mix, at least, is significant!

The ANOVA analyses revealed that at least one concrete mix was statistically sig-
nificant compared to the control mix. This observation was common for all measured
properties of concrete (i.e., consistency, water absorption, compressive strength, and sulfate
attack). A deep investigation was further performed through the “t-test of two population
means” to assess the significance between each modified mix and the control. This was
analyzed individually for each tested property.
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3. Results and Discussion

3.1. Consistency of Concrete

The slump cone test was performed to evaluate the effect of RAP and TiO, on the
workability of all concrete mixtures. As shown in Figure 2, replacing limestone coarse ag-
gregates with RAP aggregates reduced the water demand of concrete, with the workability
of the RAP30 and RAP50 mixtures increasing by 16.7% and 27.8%, respectively. This is
due to the hydrophobic nature of the RAP aggregates resulting from the asphalt coating
surrounding them [14,16,36,37]. However, the use of TiO; particles in the RAP mixtures re-
sulted in increases in the workability of the RAPT30 and RAPT50 mixtures of 5.6% and 11%,
respectively, compared to the control, and reductions in it of 9.5% and 13%, respectively,
compared to their untreated counterparts. It is clear that the water demand of concrete
increases with the presence of TiO,, owing to the high surface area of TiO, particles, which
allows more water to be absorbed by the mixture [28]. Moreover, TiO, particles may act as
a filler in the mix, allowing for more structural packing and eliminating voids between the
RAP aggregates and the cement matrix, which results in reduced workability.

25
ke

A o £
é
215
Z

10

5

0

CLO RAP30 RAP50 RAPT30 RAPTS50

Concrete mixture

Figure 2. The workability of fresh concrete mixtures.

Figure 3 clarifies that the mean values of all mixes were statistically significant com-
pared to the control mix, except for the RAPT30 mix, where its population mean was equal

to the control (i.e., p-value > 0.05).

0.07 ~

0.06 A

e

(=3

%)
1

RAP30 RAP50 RAPT30 RAPTS0

O Concrete Consistency

Figure 3. “p-value” of concrete consistency.
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3.2. Water Absorption of Concrete

The water absorption results of concrete at 7 and 28 days are depicted in Figure 4. As
illustrated in Figure 4a, all RAP concrete mixtures, either with or without TiO;, demon-
strated higher absorption levels than the control at 7 days. Moreover, among the untreated
mixtures, the RAP50 mixture achieved the highest absorption rate of 10.8%, followed by
RAP30 with an absorption rate of 9.2%. This is attributed to the high porosity of these
mixtures and the weak interfacial transition zone (ITZ) between the cement paste and RAP,
which increases the concrete’s permeability [16]. Following the addition of TiO; to the RAP
mixtures, a reduction in water absorption of 10% and 9% was observed in the RAPT30
and RAPT50 mixtures, respectively, compared to their untreated counterparts. This can
be attributed to the pore-refining influence of TiO; particles, which densify the concrete
microstructure and hinder water ingress through the pores [19].

-m-CLO -—e-RAP30 RAP50 RAPT30 ——RAPTS0

Water absorption (%)

0 10 20 30 40 50 60 70 80
Time (hours)

@)
-m-CL0 —e—RAP30 RAP50 RAPT30 ——RAPT50
12

10

Water absorption (%)

0 10 20 30 40 50 60 70 80
Time (hours)

(b)

Figure 4. Results of the water absorption test at (a) 7 and (b) 28 days.
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Additionally, Figure 4b revealed an increase in water absorption rates at 28 days, with
the RAP50 mixture attaining the highest value of 7%, the control achieving the lowest value
of 3.8%, and the RAP30 mixture attaining a moderate rate of 6.3%. The increase in the
water absorption levels of the RAP mixtures is attributed to the high porosity of RAP in
the presence of the aged asphalt coating. This further confirms the results presented in
earlier studies, which show that the use of RAP in concrete mixtures increases their water
absorption due to the adverse effect of the asphalt coating on the bond strength between
the RAP and the cementitious matrix [14,15,18].

Interestingly, there was also an increase in the permeability of the RAP mixtures
containing TiO; at 28 days (Figure 4b). However, this increase was less pronounced than
that in the RAP mixtures without TiO,, as TiO, particles helped attenuate the adverse effect
of incorporating RAP aggregates. The use of TiO; particles in the RAPT30 and RAPT50
mixtures reduced their water absorption rate by 32.5% and 4.8%, respectively, compared to
their untreated counterparts. This is due to the filling effect of TiO, particles on the pore
structure, resulting in a dense concrete that hinders water absorption [28]. Another reason
for the improvement of the concrete’s impermeability is the nucleation effect of TiO,, which
endorses the precipitation of calcium hydroxide (CH) and calcium silicate hydrates (C-S-H)
and accelerates the hydration of cement, strengthening the ITZ between the RAP and the
cement matrix [38]. The resulting “p-value” of the water absorption of concrete, shown
in Figure 5, confirms these findings. It is evident that the population means of all mixes
containing TiO, at both ages were insignificant compared to the control mean. In contrast,
the means of the other mixes exhibited differences.

0.08 -
0.07 4
0.06 -
0.05 4

alue

S 0.04

P-

0.03 -
0.02 4
0.01 A

0.00 - .
RAP30 RAPS50 RAPT30 RAPTS0

m 7-Days Water Absorption% 28-Days Water Absorption%
Figure 5. “p-value” of water absorption tests.

3.3. Compressive Strength of Concrete

Figure 6 presents the results of the compressive strength test at 7 and 28 days. It is
evident that the use of RAP as aggregates in concrete, regardless of its percentage, had
a negative impact on the compressive strength of concrete. Furthermore, incorporating
30% and 50% RAP aggregates decreased the 7-day compressive strength of concrete by
21% and 32.2%, correspondingly, compared to the control. This is ascribed to the poor
bond strength between the RAP aggregates and the other components of concrete, the
inherent heterogeneity of RAP, and the lower stiffness of RAP compared to limestone,
reducing the concrete’s resistance to compression [17]. On a positive note, employing TiO,
in RAP mixtures alleviated the adverse impact of RAP on the strength, as the compressive
strength of the RAPT30 and RAPT50 mixtures was enhanced by 4.7% and 2.8%, respectively.
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Although TiO, does not retain pozzolanic properties, it can increase the rate of the hydration
activity owing to its nucleation effect, which facilitates the formation of CH and C-S-H gel,
ultimately leading to higher early strength of the concrete [39,40].

07 days EB28 days

RAP50 RAPT30 RAPTS0

Concrete mixtures

Figure 6. Compressive strength results of concrete.

Remarkably, the 28-day compressive strength levels of the RAP mixtures, as shown in
Figure 6, decreased, with the RAP30 and RAP50 mixtures exhibiting 18% and 27% drops,
respectively, compared to the control. This could be due to the weak ITZ between the RAP
and the cement paste, resulting from the presence of the hydrophobic asphalt coating on the
RAP. Additionally, RAP aggregates have a lower elastic modulus than limestone aggregates,
thereby reducing the concrete’s capacity to withstand compressive stresses [17]. Moreover,
the old asphalt adhering to the surface of RAP may reduce the interlocking between the
RAP aggregates and other components of concrete, including limestone aggregates, which
in turn reduces load transfer in concrete and makes it less resistant to stresses.

Notably, adding TiO, to the RAP mixtures improved their compressive strength, as
the RAPT30 and RAPT50 mixtures showed an increase of 8.7% and 6.3% in their strength,
respectively, compared to the RAP30 and RAP50 mixtures. This can be attributed to the
filling effect of TiO, nanoparticles, which mitigates the interfacial defects and discontinuities
at the ITZ caused by the presence of RAP. Additionally, the addition of TiO, promotes the
formation of hydration products, particularly CH and C-S-H, due to its nucleation effect,
which in turn fills the voids and bridges microcracks at the ITZ [38-40]. Statistically, the
population means of the compressive strength of all modified mixes were significantly
different from the population mean of the control, as shown in Figure 7.
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RAP30 RAP50 RAPT30 RAPTS50
B 7-Days Compressive Strength 28-Days Compressive Strength

Figure 7. “p-value” of concrete compressive strength.

3.4. Sulfate Attack Assessment

The resistance of the concrete mixtures to aggressive environments was evaluated
using the sulfate attack test. Figure 8 shows that the control mixture exhibited the highest
resistance to sulfates among all mixtures, experiencing a 7% drop in strength after exposure
to the acid solution. Moreover, replacing limestone aggregates with RAP aggregates
resulted in a 23% and 29.5% strength loss for the RAP30 and RAP50 mixtures, respectively.
This could be credited to the higher porosity and weaker binder-aggregate interface in
RAP concrete, where these voids and interfacial defects facilitate the intrusion of acid into
the concrete. After the acid ingress through the pores, sulfates react easily with the alkaline
components in cement, particularly CH and C-5-H, forming calcium salts that are promptly
leached out of the concrete, resulting in the creation of large voids and a decrease in the
concrete’s strength [41,42].

CLO

RAP50 RAPT30
0%

-5%

-10%

RNRAA IR
AR AN
IASATHSATALHILATASANAS

SN
N

-15%

-20%

-25%

-30%

Loss in compressive strength (%)

-35%

-40% -
Mixture

Figure 8. Compressive strength reduction due to sulfate attack.

On the other hand, the addition of TiO, to the RAP mixtures significantly attenuated
the negative impact of RAP aggregates. The RAPT30 and RAPT50 mixtures experienced a
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10.4% and 15% reduction in strength, respectively, after contact with sulfates. This might
be due to the role of TiO, particles in reducing the concrete’s permeability and refining
pore structure, ultimately limiting acid ingress through the pores. Although the sulfate
solution rapidly consumes CH and C-5-H hydrates towards the formation of microcracks
and large voids, TiO, particles compensate for the reduction in CH and C-S-H contents by
promoting their formation in higher quantities, leading to the formation of concrete that
is less susceptible to sulfate attack [20]. The statistical results of the loss in compressive
strength reveal similar findings to those of the earlier compressive strength results; it
appears that the population means of all RAP mixes, whether containing TiO, particles or
not, are statistically significant compared to the control, as shown in Figure 9.

0.07 ~

0.06 -

e

(=]

w
1

o

(=]

[\
1

o

o

e
1

RAP30 RAPS50 RAPT30 RAPTS0
B Loss in Compressive Strength
Figure 9. “p-value” of loss in compressive strength of concrete.

3.5. Molecular Structure and Interactions

Figure 10 presents the results from the ATR-FTIR analysis showing the change in the
chemical structure of the tested concrete mixtures because of the presence of RAP and TiO;.
Moreover, the prominent peaks and their corresponding functional groups are illustrated
in Table 3.

As shown in Figure 10, distinct peaks of C-H stretching bonds (2850-2950 cm™!)
can only be detected in the RAP30 and RAP50 mixes, which might result from the
aged asphalt coating in the RAP aggregates. Those peaks disappear in the mixtures
with TiO; (RAPT30 and RAPT50), indicating the role of TiO, in mitigating the adverse
effect of the asphalt coating. Moreover, CO3 2 stretching (1420-1450 cm~!) and C-O
vibration (850-870 cm~!) bonds were also more prominent in the RAP30 and RAP50
mixtures, indicating higher carbonation levels resulted from the higher void formation
in those mixtures. Interestingly, the intensity of these peaks slightly decreased in the
RAPT30 and RAPT50 mixtures, suggesting improved matrix densification. On the other
hand, Si-O stretching (9501050 cm ! and 450-500 cm ') and Si-O-Si bending vibration
(600-700 cm~!) bonds, which are indicative of the presence of C-S-H gel in the
mixes [43—45], decreased in the RAP30 and RAP50 mixes due to the aged asphalt coating of
the RAP particles. However, those peaks demonstrated a recovery in their intensities in
the RAPT30 and RAPT50 mixtures, which can be attributed to the nucleation effect of TiO,
that enhances hydration activity and the formation of C-5-H in these mixtures.
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Figure 10. Changes in the functional groups in the tested concrete mixtures.

Table 3. Main functional groups in the tested concrete.

Wavenumber (cm—1) Functional Groups Reference
2850-2950 C-H stretching [46,47]
1420-1450 CO3 2 stretching [46]
950-1050 5i-O stretching [46]

850-870 C-O vibration [47]
600-700 5i-O-5i bending vibration [45]
450-500 5i-O stretching [48]

4. Real-World Implications

The integration of RAP in concrete as coarse aggregates has been proven to be a viable
solution to the depletion of natural aggregates in various regions worldwide. This study
contributes to the development of environmentally friendly concrete mixtures that can be
used worldwide to achieve sustainable growth by demonstrating that up to 30% of RAP
can be reused in structural concrete when modified with TiO, nanoparticles. Additionally,
it has been demonstrated that the introduction of TiO; nanoparticles enhances durabil-
ity performance, particularly in terms of resistance to moisture and acid ingress, which
is crucial for increasing the service life of concrete infrastructure. This translates to less
maintenance and repairs, reduced lifecycle environmental impact, and lower maintenance
costs, which are of significant concern to both public agencies and private developers.
In addition, 1% TiO,, which has been optimized based on the available literature, is a
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cost-effective dosage, as it achieves a balance between performance enhancement and
cost-effectiveness. The materials employed in this research, such as RAP and commer-
cially available TiO,, are readily available in most countries; therefore, the proposed
mix design is not only technologically viable but can also be applied in large-scale civil
engineering projects.

Overall, the research findings provide a scientifically proven and practically applica-
ble approach to the two-fold task of sustainable material management and performance
improvement in concrete construction.

5. Conclusions

This study presented an innovative approach to improve the properties of concrete
containing RAP aggregates by adding TiO, particles to the mixtures. Limestone coarse
aggregates were partially replaced with 30% and 50% RAP aggregates, with the addition of
TiO, nanoparticles to a subset of the mixtures containing RAP aggregates to improve their
performance. Moreover, the physical, mechanical, and long-term properties, as well as the
synergistic characteristics of the developed mixes, were thoroughly assessed, yielding the
following concluding remarks:

1.  The integration of 30% and 50% RAP aggregates in concrete increased its workability
by 16.7% and 27.8%, respectively. In contrast, the addition of TiO, in those mixtures
reduced their workability by 9.5% and 13%.

2. Concrete mixtures with 30% and 50% RAP aggregates exhibited water absorption
levels of 6.3% and 7%, respectively, which are higher than the control at 3.8%. This is
due to the high void content in those mixes resulting from the presence of aged asphalt
coating around the RAP. However, using TiO, particles in the 30% and 50% RAP
mixtures reduced their water absorption by 32.5% and 4.8%, respectively, compared to
their untreated counterparts. This is due to the filling effect of TiO, particles, resulting
in a dense concrete that hinders water absorption.

3. The compressive strength of concrete declined with the increase in the replacement
ratio of natural aggregates with RAP. Mixtures with 30% and 50% RAP aggregates
exhibited a reduction of 18% and 27% in their 28-day strength, respectively, compared
to the control, which is due to the weak ITZ between RAP aggregates and the cement
matrix. The addition of TiO; particles mitigated this decline in strength, as they
contributed to increasing the strength of concrete with 30% and 50% RAP by 8.7%
and 6.3%, correspondingly, due to the nucleation effect of TiO, in improving the
hydration process.

4. The concrete mixture with 50% RAP aggregates showed the least resistance to sulfates,
followed by the mixture with 30% RAP, as they experienced a loss of 23% and 29.5%,
respectively, in their compressive strength. However, employing TiO, particles in
RAP mixtures enhanced their resistance to sulfates, where a 10.4% and 15% loss in
strength was observed in the 30% and 50% RAP mixtures, respectively.

5. Statistical analysis using single-factor ANOVA showed that either integrating RAP
aggregates with TiO, particles or not significantly affected the concrete properties in
terms of their population means. The “t-test” analysis, on the other hand, provided
sufficient evidence that the mean values of the RAPT30 mix did not differ significantly
from the control in terms of its slump and water absorption properties. The RAPT50
mix also showed an insignificant difference compared to the control in terms of water
absorption at 7 and 28 days. However, the population means of all mix combinations
significantly differed from the control in terms of their compressive strength and their
loss in compressive strength.
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6. ATR-FTIR analysis revealed the formation of distinct C-H stretching bonds in the
mixtures with RAP aggregates due to the aged asphalt coating in the RAP aggregates.
These bonds weaken when TiO; is added to the mixtures due to its role in mitigating
the adverse effects of the asphalt coating. Additionally, Si-O and Si-O-Si functional
groups increased when using TiO, in RAP mixtures, suggesting improved hydration
activity and accelerated C-5-H formation in the mixes.

7. Although the use of RAP and TiO; in concrete offers a promising approach to improv-
ing performance and potentially increasing sustainability, this study lacked a formal
life-cycle assessment (LCA). The environmental impact of TiO, usage, particularly
in terms of embodied energy and production emissions, requires further quantifi-
cation. Future studies are necessary to determine the net environmental effects of
the suggested mix designs using cradle-to-gate and service-life-based LCA models.
Moreover, TiO, nanoparticles are relatively expensive substances, but their use at low
doses (1% of cement weight) and the possibility of using them as a partial cement
replacement can present a relatively inexpensive solution, balancing performance,
long-term benefits, and savings related to material costs in the implementation of
RAPs. It is therefore suggested that a more comprehensive techno-economic analysis
be carried out in future studies to substantiate the economic viability of these altered
concrete systems.
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