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Abstract

The longevity of waste asphalt can be considerably improved through cold recycling techniques combined with
various additives. This research investigates the cold regeneration of aged asphalt concrete using Reclaimed
Asphalt Pavement (RAP), Portland cement, cationic bitumen emulsion, and additional aggregates. The primary goal
is to evaluate the performance enhancements in terms of average density, compressive strength, water resistance,
and swelling across different mix compositions. Three distinct mixtures were formulated and assessed. Mix No. 1,
composed solely of RAP, showed the lowest average density and highest swelling, indicating poor performance

due to the lack of binding agents. Mix No. 2, which incorporated RAP, Portland cement, and water, exhibited

the highest density and compressive strength, highlighting the crucial role of Portland cement in improving
structural integrity. Mix No. 3, a more complex mixture including RAP, aggregates, Portland cement, water, and
bitumen emulsion, displayed balanced properties with enhanced moisture resistance and reduced swelling. The
experimental findings emphasize the effectiveness of adding Portland cement and bitumen emulsion to improve
the mechanical and durability characteristics of recycled asphalt mixtures. Specifically, Mix No. 2 and Mix No. 3
demonstrated significant performance improvements, making them suitable for road maintenance applications.
This study advocates for the widespread use of cold recycling methods with additive integration to achieve
sustainable and cost-effective pavement restoration solutions.
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Introduction

The most common technique to restore or increase pave-
ment strength is to place reinforcement layers on the old
pavement. However, this method often proves ineffec-
tive, as cracks appear in the new layers within one to two
years. Alternatively, the re-laying method, which involves
removing cracked layers by milling and laying new ones
in their place, provides a service life that aligns with the
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design life and is more cost-effective due to partial cost
recovery from the sale of recycled asphalt (RAP) [1-5].
Cold Recycling (CR) presents numerous advantages. It
is environmentally friendly, fully utilizing old pavement
material and minimizing the need for new materials and
transportation, thereby reducing road damage and overall
energy costs. The process ensures high-quality repaired
layers through precise, high-quality mixing of materials.
It maintains structural integrity with thick, uniform lay-
ers and minimal subgrade damage, as recyclers typically
complete the process in one pass without contacting the
underlying layers. Additionally, CR significantly reduces
construction time and costs due to the high productivity
of recyclers and enhances safety by allowing partial road
use during operations. Furthermore, it can be performed
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at lower temperatures, extending the construction sea-
son. These combined benefits make CR a cost-effective
and efficient method for road pavement restoration.
While the benefits of Cold Asphalt Recycling are notable,
it is essential to recognize its potential drawbacks. A pri-
mary concern is the variability in the quality of reclaimed
asphalt pavement (RAP), which can impact the perfor-
mance and durability of the recycled pavement. Addi-
tionally, the initial investment required for specialized
equipment and training for cold recycling processes can
be considerable. These aspects, coupled with the neces-
sity for a comprehensive assessment of existing pavement
conditions, underscore the need for a balanced approach
when considering cold recycling for road pavement proj-
ects [6-8].

Cold asphalt recycling, encompassing Cold In-Place
Recycling (CIR) and Cold Central Plant Recycling
(CCPR), is noted for its sustainable approach, cost effi-
ciency, and effective reuse of existing pavement materi-
als. Cold In-Place Recycling (CIR) involves recycling the
existing asphalt pavement directly at the job site. This
is achieved by milling the top layers of the pavement
and mixing them with recycling agents such as emulsi-
fied asphalt, foamed asphalt, or chemical additives. The
resulting mixture is then laid back down and compacted
to form a new base layer. Conversely, Cold Central Plant
Recycling (CCPR) entails transporting the milled asphalt
material to a central processing plant, where it is mixed
with recycling agents before being transported back to
the site for paving. The primary distinction between these
methods lies in the location of the recycling process:
CIR is performed on-site, whereas CCPR takes place at
a central plant. This allows for more controlled process-
ing in CCPR but requires additional transportation. Both
methods promote sustainability by reducing the need for
new materials and minimizing waste [8]. Recent research

Table 1 Aggregate composition of the RAP granulate

Test Selected Gradation
For RAP Aggregate

Specification Limits
(STO NOSTROY
2.25.35-2011) [16]

Sieve analysis

Sieve no

40 100 90-100
20 7824 75-100
15 6841 64-100
10 55.81 52-88
5 44.50 40-60
25 3301 28-60
1.25 26.37 16-60
0.63 18.75 10-60
0315 1334 8-37
0.14 744 5-20

0.071 3.91 2-8
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highlights numerous advancements and elements of this
method. For example, Zhao et al. (2022) reported that
cold recycling significantly lowers greenhouse gas emis-
sions and energy consumption compared to traditional
hot mix asphalt (HMA) methods, emphasizing its poten-
tial for sustainable road construction [9].

Recent studies have focused on improving the perfor-
mance and durability of cold recycled asphalt mixtures
(CRAM). Bocci et al. (2023) explored the addition of
synthetic fibers to CRAM to boost fatigue resistance and
overall mechanical properties, demonstrating that fiber
inclusion substantially increases the longevity and dura-
bility of recycled pavements, making them better suited
for heavy traffic conditions [10]. Similarly, Li et al. (2023)
studied the performance of CRAM incorporating electric
arc furnace slag (EAFS) and observed enhancements in
mechanical properties and microwave heating efficiency
[11].

Technological advancements have been crucial in
refining cold recycling processes. Contemporary milling
machines, fitted with accurate dosing systems for addi-
tives, ensure a consistent and high-quality recycled mix.
Saidi et al. (2022) assessed CIR mixtures and found them
to exhibit excellent resistance to rutting and cracking,
confirming their viability for road rehabilitation proj-
ects [12]. Practical applications of cold recycling have
been observed in various regions, with Lee et al. (2023)
evaluating CIR in urban environments and reporting sig-
nificant cost savings and environmental benefits while
maintaining high-performance standards [13]. Haider et
al. (2022) in Saudi Arabia also determined that CIR is a
more sustainable option for different road types under
varying traffic loads [14].

In conclusion, cold asphalt recycling offers a promis-
ing approach to sustainable pavement rehabilitation. Its
environmental and economic advantages, coupled with
continuous technological advancements, make it a com-
pelling choice for road maintenance. Ongoing research
and innovation are anticipated to further improve its
effectiveness and promote its global adoption.

This study aims to advance and perfect the technol-
ogy for repairing pavements through the cold regen-
eration method for aged asphalt concrete. The materials
employed in this research comprise recycled asphalt con-
crete obtained from milling old asphalt concrete pave-
ments, mineral binders like Portland cement, and
bitumen emulsion—a low-viscosity liquid bitumen that
improves the mix’s binding properties.

Materials

Reclaimed Asphalt Pavement (RAP) Granulate Fraction
0/40 mm according to GOST R 55,052—-2012 [15] was
obtained from milling asphalt concrete pavements during
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repair work in the city of Moscow, the aggregate compo-
sition is shown in Table 1.

Alongside the RAP, the study also incorporated granite
crushed stone with a fraction size of 5/20 mm, Portland
cement (CEM I 42.5 H), and cationic bitumen emulsion.
The characteristics of these materials are outlined in
Tables 2, 3 and 4.

Mix composition alternatives

The research examined different formulations of
organomineral mixtures, utilizing granulated reclaimed
asphalt concrete combined with several types of bind-
ing agents. The most favorable property metrics were
observed in three specific variants, detailed in Table 5.

Methods

Average density of the compacted sample

The method involves determining the average density of
samples, accounting for the pores present in them, using
hydrostatic weighing. The samples can be either labo-
ratory-made or taken from the structural layers of road
pavements. Laboratory scales equipped with a device for
hydrostatic weighing are used.

To begin, weigh the samples in air. Then, submerge the
samples from mixtures in a vessel with water at a tem-
perature of (20+2)°C for 30 min, ensuring that the water
level is at least 20 mm above the sample surface. After-
ward, weigh the samples in water, making sure there are
no air bubbles on the samples. For samples from stabi-
lized soils, immerse them in paraffin at a temperature of
(60+15)°C before weighing in water. After weighing in
water, wipe the samples with a soft cloth and weigh them
again in air. The average density of the sample is then cal-
culated is calculated by the following formula (Eq. (1)).

1)

where ¢ is the mass of the sample in the air (g); p ? is
the density of water equal to 1 (g/cm?®); ¢; is the mass of
the sample immersed in water (g); g» is the mass of the
sample kept for 30 min in water and re-suspended in the
air (g).

Determination of compressive strength

This method involves determining the load required to
fracture a sample under specified conditions. Mechanical
or hydraulic presses, with loads ranging from 50 to 500
kN, are equipped with force sensors with a maximum
error of 2%. Before testing, samples are thermostated at
(50£2)°C, (20£2)°C, or (0+2)°C for 1 h for hot mixes and
2 h in air for mixtures with liquid/emulsified bitumen.
For the water-saturated state, samples tested are main-
tained in water at (20+2)°C before testing.
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Table 2 Aggregate 5/20 composition
Test

Selected Gradation Specification Limits

For Crushed Stone 5/20  (GOST 8267-93 /
GOST 8269.0-97)
Sieve analysis
Sieve no
25 100 100
20 95.45 80-100
15 80.16 70-95
12.5 58.19 40-75
10 44.75 35-55
5 4.05 3-10
25 1.56 1-5
1.25 1.56 1-5
0.63 1.56 1-5
0315 1.56 1-5
0.1 1.56 1-5
0.071 1.56 1-5

Table 3 Characteristics of Portland Cement

Property Name GOST 31,108-2003 Indi-
Requirement [17] cator
Value
Fineness (residue on 0.08 mm sieve) up to 10% 53
Residue on 0.05 mm sieve not standardized 4.6
Compressive strength at 2 days, MPa not less than 9 10.2
Compressive strength at 2 days, MPa not less than 10 11.2

Compressive strength at 28 days, MPa not less than 42.5 59.6

Compressive strength at 28 days, MPa not less than 62.5 59.6

Initial setting time not earlier than 2:15
60 min
Uniformity of volume change, mm not more than 10 7.0

Table 4 Properties of Cationic Bitumen Emulsion of the 3rd class
(EBK-3) according to GOST R 52,128 —2003 [18]

Property GOSTR Indi-
52,128-2003 Re- cator
quirement [18] Value

Binder content with emulsifier, % by from 55 to 60 5740

mass

Residue on sieve No. 014, % by mass not more than 0.25  0.20

Conditional viscosity at 20 °C, s from 15 to 25 17

Adhesion with mineral materials, points  not less than 4 5

Stability during storage, % not more than 0.3 0.25
after 7 days

Properties of residue after water evapo-
ration from emulsion:

Penetration depth of the needle, not less than 90 / not  98/30
0.1 mmat25°C/0°C less than 4

Softening point, °C not lower than 43 45
Ductility, cmat 25°C/0°C not less than 65/ not  90/5.0

less than 4

The compressive strength limit is determined using
presses with a platen speed of (3.0£0.3) mm/min. The
sample is centered on the press platen, and the upper
platen is lowered to 1.5-2 mm above the sample before
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Table 5 Compositions of asphalt mixtures

Materials MixNo.1 MixNo.2 MixNo.3
RAP 0/40 100% 95.1% 83.3%
Aggregate 5/20 - 9.5%
Portland cement (CEM 1425 H) - 2.9% 24%
Water - 2% 1.9%
Bitumen Emulsion (EBK-3) - - 2.9%
Total 100% 100% 100%

loading begins. A hinge device with a ball and metal
plates ensures even load distribution if the sample bases
are non-parallel. The maximum force sensor reading is
recorded as the breaking load.

The compressive strength limit, in MPa, is calculated
using the formula (Eq. (2)):

P
R. = FWQ 2)

where:

P is the breaking load, in N; F is the initial cross-sec-
tional area of the sample, in cm? 1072 is the conversion
factor to MPa.

Determination of water resistance coefficient

The method involves assessing the degree of compressive
strength reduction of samples after exposure to water
under vacuum conditions and determining the ratio of
compressive strength after long-term water saturation.
For the initial water resistance test, samples are saturated
in a vacuum setup (Kp) is calculated to the second deci-
mal place using the formula (Eq. (3)):

R

where R” is the compressive strength of samples condi-
tioned by vacuum saturation with water at a temperature
of (20+2) oC for 1- hour (MPa); and R? is the compres-
sive strength at (20%2) °C of samples before water satura-
tion, in MPa.

For the determination of water resistance after long-
term water saturation, samples are saturated in a vacuum
setup and then transferred to another vessel with water,
maintained at a temperature of (20£5) °C for 15 days.
After this period, the samples are removed and wiped,
and their compressive strength is determined. water
resistance coefficient (Kv) after long-term water satura-
tion is calculated using the formula (Eq. (4)):

RBZ

(4)
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Fig. 1 Average density results

where RP! is the compressive strength at (20£2)°C of
samples after 15 days of water saturation, in MPa; and
R is the compressive strength at (20+2)°C of samples
before water saturation, in MPa.

Swelling test

Swelling is determined as the increase in the volume of
the sample after saturation with water. Data from the
determination of average density and water saturation
are used. The swelling (W) of the sample expressed as a
percentage by volume, is calculated using the formula for
mixtures (Eq. (5)):

w— 95— 90) = (9, — g1)
g2 — g1

100 (5)

where g¢;is the mass of the sample suspended in air (g);
gois the mass of the sample suspended in water (g); gs is
the mass of the sample saturated with water, suspended
in air, g; gs is the mass of the sample saturated with water,
suspended in water, g.

Results and discussion

Average density results

The average density of compacted samples was evaluated
for three different material mixes, revealing significant
insights into the impact of mix composition on com-
pacted density as shown in Fig. 1.

Mix No. 1, which comprises 100% Recycled Asphalt
Pavement (RAP), exhibited the lowest average density at
2.41 g/cm’®. This result is anticipated, as pure RAP, being
a recycled material, tends to have more air voids and less
cohesion compared to mixes with binding agents.

Mix No. 2 demonstrated the highest average density
at 2.49 g/cm®. This mix included 95.1% RAP, 2.9% Port-
land cement, and 2% water. The addition of Portland
cement significantly contributed to the increased den-
sity by enhancing the mix’s cohesiveness and structural
integrity. The presence of water facilitated the hydration
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process of the cement, further promoting a denser and
more compact structure.

Mix No. 3 had a slightly lower average density of 2.47 g/
cm® compared to Mix No. 2. This mix was composed of
83.3% RAP, 9.5% aggregate, 2.4% Portland cement, 1.9%
water, and 2.9% bitumen emulsion. The inclusion of
aggregate and bitumen emulsion added complexity to the
mix, providing additional binding and structure. How-
ever, the slightly lower cement content and the introduc-
tion of bitumen emulsion balanced the overall density,
resulting in a compact yet slightly less dense structure
than Mix No. 2.

No.3

In conclusion, the study illustrates that the inclusion
of Portland cement and water significantly increases
the average density of compacted samples. Mix No. 2
achieved the highest density due to the optimal balance
of RAP and cement, while Mix No. 3, with a more diverse
composition, also exhibited high density but slightly
lower than Mix No. 2. Mix No. 1, consisting solely of
RAP, showed the lowest density, underscoring the crucial
role of additives in improving the compacted density of
the samples.
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Compressive strength results

The compressive strength results, depicted in Figs. 2 and
3, for three different material mixes at 20 °C and 50 °C
reflect the significant impact of their compositions on
performance.

At 20 °C, Mix No. 1 exhibits a compressive strength
of 2.9 MPa, Mix No. 2 shows 3.5 MPa, and Mix No. 3
records 2.8 MPa, all exceeding the specified limit of
1.4 MPa. The higher compressive strength of Mix No.
2 can be attributed to the inclusion of 2.9% Portland
cement and 2% water, which enhance the mix’s bind-
ing and cohesion properties. Portland cement acts as a
binder, improving the structural integrity, while water
facilitates the hydration process, further strengthening
the material.

At 50 °C, the compressive strengths are 1 MPa for Mix
No. 1, 1.9 MPa for Mix No. 2, and 1.3 MPa for Mix No.
3, all above the minimum standard value of 0.5 MPa.

Mix No. 2 again demonstrates the highest compressive
strength due to the presence of Portland cement and
water, which maintain the material’s cohesion even at ele-
vated temperatures. The bitumen emulsion in Mix No. 3,
while beneficial for flexibility and resistance to deforma-
tion, slightly reduces compressive strength compared to
Mix No. 2.

Overall, Mix No. 2 consistently shows the highest
compressive strength at both temperatures, making it
the most robust choice. This mix’s optimal combina-
tion of materials, including RAP, aggregate, Portland
cement, and water, results in superior performance. Mix
No. 1 and Mix No. 3 also perform well, exceeding the
required limits, but Mix No. 2’s higher strength values
indicate its better suitability for applications demanding
high mechanical strength. These results underscore the
importance of material composition in achieving desired
structural properties in construction materials.
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Water resistance coefficient results

The water resistance coefficient results for the three dif-
ferent material mixes, as illustrated in Figs. 4 and 5, high-
light their performance under both moisture exposure
and long-term water saturation.

Figure 4 illustrates the water resistance coefficients for
three distinct asphalt mixes (Mix No. 1, Mix No. 2, and
Mix No. 3) under typical conditions, with results com-
pared against a minimum standard value for water resis-
tance, denoted by the dashed line on the graph.

Mix No. 1, with a water resistance coefficient of
approximately 0.85, significantly surpasses the minimum
standard, indicating strong performance and robust resis-
tance to water penetration in the absence of prolonged
exposure. Despite lacking binding agents like Portland
cement or bitumen emulsion, Mix No. 1’s composition is
adequate for typical environmental conditions, demon-
strating its effectiveness.

Mix No. 2 has a water resistance coefficient of around
0.75, also exceeding the minimum standard. The inclu-
sion of Portland cement and water in its composition
enhances its resistance to water damage, showcasing the
positive impact of binding agents on the durability and
cohesion of the asphalt.

Mix No. 3, with a water resistance coefficient of
approximately 0.7, meets and slightly surpasses the mini-
mum standard value. Although its coefficient is lower
than that of Mix No. 1 and Mix No. 2, it still performs
adequately under normal conditions. The balanced mix
of Portland cement, water, and bitumen emulsion in Mix
No. 3 ensures sufficient resistance to water penetration.

In summary, all three asphalt mixes exceed the mini-
mum standard for water resistance under normal
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conditions, indicating their capability to resist water
damage effectively. Mix No. 1 has the highest water resis-
tance coefficient, followed by Mix No. 2 and Mix No. 3.
These results suggest that while Mix No. 1 excels in typi-
cal environmental conditions, the binding agents in Mix
No. 2 and Mix No. 3 provide additional durability and
cohesion, enhancing their overall performance.

For long-term water saturation, Mix No. 1 falls short of
the minimum standard value of 0.5, with a value of 0.47,
indicating poor performance due to its lack of binding
agents like Portland cement or bitumen emulsion. Mix
No. 2, with a value of 0.88, and Mix No. 3, with a value
of 0.78, both exceed the minimum standard. The higher
performance of Mix No. 2 under long-term water satu-
ration can be attributed to its higher content of Portland
cement and water, which enhances cohesion and resis-
tance to water damage.

In summary, Mix No. 3 exhibits the best overall mois-
ture resistance due to its balanced composition, while
Mix No. 2 demonstrates superior performance under
long-term water exposure, highlighting the importance of
material composition in determining moisture and water
resistance. These findings emphasize the critical role of
material composition in determining the water resistance
of asphalt mixes. The presence of binding agents such
as Portland cement and bitumen emulsion significantly
contributes to a mix’s ability to withstand water penetra-
tion, ensuring more durable and long-lasting pavement
structures.

Swelling test results

The swelling test results for the three different material
mixes reveal varying degrees of volumetric expansion,

== == [Max.Standard Value

ml: §
.0 § 7777777

Fig. 6 Swelling results
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which is crucial for understanding their stability and
durability (Fig. 6).

The maximum standard value for swelling is 2 for all
mixes. Mix No. 1 exhibits the highest swelling value at
2.8, which exceeds the standard limit, indicating poor
performance. This high swelling can be attributed to the
100% Recycled Asphalt Pavement (RAP) content, which
lacks sufficient binding agents to control expansion.

In contrast, Mix No. 2 shows a swelling value of 1.3,
well within the acceptable limit. This mix includes 2.9%
Portland cement and 2% water, which contribute to bet-
ter binding and reduced expansion. Portland cement
helps in forming a more stable and cohesive matrix, lim-
iting the swelling effect.

Mix No. 3 demonstrates the best performance with a
swelling value of 0.2, significantly below the standard
limit. This superior performance is due to the mix’s com-
position, which includes 83.3% RAP, 9.5% aggregate, 2.4%
Portland cement, 1.9% water, and 2.9% bitumen emul-
sion. The combination of aggregate and bitumen emul-
sion provides additional stability and binding, further
reducing the potential for volumetric expansion.

In summary, Mix No. 3’s optimal combination of mate-
rials results in the least swelling, making it the most sta-
ble and durable option. The presence of Portland cement
and bitumen emulsion in Mix No. 2 also contributes to
its satisfactory performance, whereas Mix No. 1’s lack
of binding agents leads to excessive swelling and poor
performance. These results highlight the importance of
material composition in controlling swelling and ensur-
ing the structural integrity of construction materials.

Conclusion and recommendation

This study rigorously evaluates the benefits of cold
recycling and additive integration on the durability and
mechanical properties of waste asphalt. Quantitative
assessments reveal significant improvements across key
performance metrics, providing clear insights into how
different additives influence the behavior of recycled
asphalt mixtures.

Mix No. 1, composed entirely of Reclaimed Asphalt
Pavement (RAP), exhibited an average density of 2.41 g/
cm® and the highest swelling index among the tested
mixes at 2.8%. This mix demonstrated the lowest mois-
ture resistance, with a water resistance coefficient of only
0.85 under typical conditions, indicating poor perfor-
mance in environments requiring long-term durability.

Mix No. 2 showed the most substantial improvements,
with an average density increase to 2.49 g/cm® and a 20%
enhancement in compressive strength, reaching 3.5 MPa
at 20 °C. The structural integrity of this mix, enhanced by
the integration of Portland cement, provided the highest
compressive strength values at both 20 °C and elevated
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temperatures (50 °C). Swelling was controlled to 1.3%,
well within acceptable limits for structural applications.

Mix No. 3 exhibited balanced performance charac-
teristics, achieving an average density of 2.47 g/cm®. Its
complex composition, including RAP, aggregates, Port-
land cement, water, and bitumen emulsion, resulted in
excellent moisture resistance, with a long-term water sat-
uration resistance coefficient of 0.78. Swelling was mini-
mized to 0.2%, indicating superior volume stability under
moisture exposure.

These findings underscore the critical role of Port-
land cement and bitumen emulsion in enhancing the
quality and longevity of recycled asphalt mixtures. Mix
No. 2 emerged as the most robust formulation in terms
of mechanical properties, while Mix No. 3 offered the
best performance in terms of durability and moisture
resistance.

Future directions

Future research should focus on optimizing the propor-
tions of RAP, aggregates, Portland cement, and bitumen
emulsion to further enhance mechanical strength and
durability. Long-term field evaluations are necessary to
assess the practical performance and sustainability of
these materials under varying traffic and environmental
conditions. Innovative additives and advanced recycling
techniques should be explored to improve efficiency and
environmental benefits. Comprehensive environmental
impact assessments will be crucial to quantify the eco-
logical advantages and facilitate the broader adoption of
these sustainable practices in road construction.
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