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The recycling methods used in the construction and repairing of asphalt concrete pavements are being constantly improved,
and the improvements mostly fall under one of the following common avenues of innovation: developing new binders based
on bitumen and cement; developing new varieties of asphalt concrete and other materials having an equivalent utility and
function; and developing additives that can be used in the production of new types of binders that can enhance the performance
properties of the pavements. This article aims to develop the composition and determine the physical-mechanical and structural-
rheological properties of asphalt concrete reclaimed by the hot recycling method and reinforced by fiber of fly ash from thermal
power plants (TPP). The author of this article developed a mechanism for the interaction between fiber and bitumen in asphalt
binder and acquired an optimum composition of hot granular asphalt concrete. During the research, the author evaluated the
utility of fiber used as an additive in reclaimed asphalt concrete, studied its effect on the properties of hot reclaimed asphalt
concrete, and examined the technological and performance properties and durability of the material obtained. The fiber of fly
ash used in the hot recycling method made it possible to reduce the cost and ensure the high quality and durability of the
structural layer of road pavement. Our experiments with analyses of the obtained composition indicated that employing it in the
construction of the structural layer of road payment would result in superior structural integrity. Hot recycling made it possible
to obtain thick bound layers characterized by the homogeneity of the material. For the first time, the author studied the effect of
using fiber of fly ash from Chinese TPP in hot reclaimed asphalt concrete, and the results have proved the rationality of using
this composition.
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1. Introduction non-energy-intensive technologies using available
reserves. The authors of this article developed a
technical and technological solution to the prob-
lems of cost escalation and excessive energy con-
sumption that commonly characterize the restora-
tion of existing road networks. The solution allows

reusing the material of the reconstructed roads.

The traditional method of repairing asphalt con-
crete pavements involves leveling them with as-
phalt concrete mixture and overlapping them with
a new layer of asphalt concrete. As a result, the
material of the old layers becomes a source of re-
flected cracks in the new road pavement. There

are hundreds of millions of tons of asphalt con- A cost-effective, technological solution, which

crete in the lower layers of road pavement, and
these do not serve any useful purpose; the vol-
ume of stone materials exceeds these pavements
by 2-3 times in the underlying layers and founda-
tions [1]. Given the constant increase in the short-
age and cost of road construction materials during
the construction and reconstruction of highways, it
is necessary to develop non-material-intensive or
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provides for quality road construction materials
obtained from asphalt scraps, is to process them
by their secondary products and industrial waste
such as granulated slag, nepheline sludge, ash, ash-
and-slag mixtures of thermal power plants (TPP),
phosphogypsum, cement kiln dust (CKD), etc. [2].
A promising technological solution is to obtain
organomineral material from a semi-finished prod-
uct without heating it by processing the crushed
scrap with a mineral binder. However, the use of
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this method is not always rational and possible,
given the long-term formation of the organomin-
eral material structure during the operation of the
road under traffic.

The technology of processing asphalt scrap in
an installation with heating and the addition of
new constituent components is a modern technol-
ogy that provides a durable asphalt concrete pave-
ment in the upper layer without overlapping it with
a layer of road surface treatment. Reheating as-
phaltic concrete leads to plasticizing the formed bi-
tumen structure, which, in turn, reduces its viscos-
ity and improves the processing properties of the
mixture [3].

The viscosity of bitumen increases by 2-3 times
in the “old” asphalt concrete due to a decrease
in the number of light fractions. The addition of
a plasticizer can bring the bitumen penetration to
standard values. Such oils as petroleum, coal, or
specifically developed oils are often used as plas-
ticizers since they contain many aromatic com-
pounds, and the use of fuel oil or liquid bitumen
is rare. Hot technology methods for processing
asphalt concrete involve high-temperature heating
but do not provide for the restoration of the bitumen
properties contained in long-term asphalt concrete;
the addition of a new binder with enhanced prop-
erties will ensure the durability of the reclaimed
asphalt concrete [4]. The method of regenerating
“old” asphalt concrete using heating technology is
promising since this technology is rapidly advanc-
ing in feasibility, and is thus being widely adopted.
The hot recycling method can be carried out on the
site of manufacture or by transporting the mixture
to an asphalt recycling plant. The prolonged service
life of pavement from the restored mixture fully
pays off a slight increase in the cost of the trans-
portation of milled scrap [5].

The study of performance features of the re-
stored layer of the road pavement made of gran-
ular asphalt concrete with the fiber of fly ash un-
der dynamic loading will make it possible to pre-
dict its performance properties throughout the en-
tire service life. The assessment of the impact of
technological processes of wear layers and the pro-
duction of repair work on the environment confirms
the idea of their relative environmental safety. It is

necessary to do the following in order to obtain the
results of the impact of the fiber of fly ash:

* to substantiate the possibility of using fiber
in granular asphalt concrete, given its com-
position and properties;

* to study the mechanism of interaction be-
tween fiber and binder (bitumen) in the com-
position of granular asphalt concrete when
arranging wear layers of road pavement;

* to examine how granular asphalt concrete
with fiber changes its properties under trans-
port loading;

* to study the influence of the technological
process in arranging layers of granular as-
phalt concrete reinforced with the fiber of
fly ash (especially the factors of temperature
increase and compaction).

This article aims to develop the composi-
tion and determine the physical-mechanical and
structural-rheological properties of asphalt con-
crete reclaimed by the hot recycling method and
reinforced by fiber of fly ash from TPP. To achieve
this aim, it is necessary to complete the following
tasks:

* to review and study the existing experience
in using the fiber of fly ash from TPP as an
additive to reclaimed asphalt concrete;

* to analyze the theoretical foundations of
structure formation in bitumen and asphalt
binder with the introduction of the fiber of
fly ash;

* to study the effect of the fiber on the prop-
erties of the hot reclaimed asphalt concrete
mixture;

* to study the structural-rheological and tech-
nological properties of hot reclaimed asphalt
concrete mixture with the fiber of fly ash;

* to study and test the durability of reclaimed
asphalt concrete with the fiber of fly ash un-
der laboratory conditions;

* to examine the performance properties of
the asphalt concrete material obtained.
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2. Materials and methods

The primary indicators of performance relia-
bility of the structural layers of the pavement are
structure stability, which depends on the adhesion
strength of the bitumen to mineral particles, the
bending strength, structure stability to fluctuations
in humidity and temperature conditions, the fatigue
failure under dynamic loading, etc. The strength
of granular asphalt concrete layers depends on the
quality of the mixture preparation and the prop-
erties of milled asphalt concrete. Loading, cli-
matic, periodic, and one-time impacts cause vari-
ous processes in the road structure during its ev-
eryday performance. The pavement treatment by
granular asphalt concrete is generally initiated for
roads that are undergoing rapid deterioration, or in
cases where the total area of pavement defects has
reached 30% before the end of the performance pe-
riod [6]. When the defects appear on pavements, it
indicates low-quality materials and washing out of
bitumen from the surface layer [7].

The initialization of the mixture during its
rolling is a critical operation in laying the pave-
ment, and it is also the factor that determines the
quality of these layers to the greatest extent. When
a road roller passes along the pavement, pressure
develops in the pavement layers, and numerous
physicochemical processes occur under the influ-
ence of temperature, which results in the formation
of spliced layers of the required strength. Expo-
sure to temperature changes the balance within the
materials used, resulting in a nonequilibrium ther-
modynamic state [8]. The interlayer compression
pressure increases, and the internal moisture con-
tained in the bituminous binders and mineral mate-
rial influences their initiation. The correct choice of
mixture compositions and technological conditions
for laying ensure high strength and durability of
pavements during construction usage, reconstruc-
tion, and repair. Temperature also affects the dif-
fusion processes occurring during the formation of
new pavement and its subsequent performance [9].

High temperature causes both unevenness of
heating and premature aging of the bitumen binder,
thus reducing the road strength characteristics. The
heat from the compression surface of layers with

the granular binder permeates into the lower lay-
ers. Excessive pressure appears, which causes the
binder to penetrate the depth of the layer, level-
ing the temperature fields [2]. The curing process
flows more evenly over the thickness of the layers,
which improves the road strength characteristics.
The conditions for the equality of heat fluxes and
transfer of the liquid fraction of the binder during
the formation of the layer can be expressed as fol-
lows:

2Ty, (M
X
),
— We ox |x:h =0

Therefore, an adequate description of changes
in the bitumen concentration in the asphalt layer
can be an objective answer to the durability of the
road pavement [10]. It is necessary to theoretically
substantiate the functional dependence of the bitu-
men concentration on time and other natural pa-
rameters, such as access time for concentration to
reach a certain threshold (minimum permissible)
value. Such an estimate can be one of the predic-
tive estimates of the pavement service life.

Zolotarev [11] proved that mixtures with op-
timum density have a high coefficient of relative
thermal conductivity. Table 1 shows the tempera-
ture effect on the relative thermal conductivity of
granular asphalt concrete mixtures with different
densities.

According to Table 1, a mixture with a density
ranging from 2.2 t/m? to 2.4 t/m? possesses a higher
coefficient of thermal conductivity A, even when
heated to 90°C. The density of granular asphalt
concrete with the studied fiber of fly ash should
correspond to these optimum values. If the process
of uniform bitumen distribution is regulated, it is
possible to obtain a layer with high physical and
mechanical characteristics. Figure 1 represents the
dependence of the penetration rate of the binder in
the formed layer.

Figure 2 provides data, generated in the course
of the present study, on the dependence of bitu-
men concentration on the thickness of the coating
layer and the service life. The data are given for the
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Table 1. Effect of the mixture temperature on the relative thermal conductivity, A

Temperature Density of the mixture (t/m’)

1.8 19 20 21 22 23 24
50 094 094 095 095 096 097 0.97
70 097 097 097 099 099 099 1.0
90 1.00 1.00 1.00 1.02 1.03 1.03 1.03

04

0.2

0,0

60 70 80 90 rLc

Fig. 1. Temperature dependence of the penetration rate
of the binder: 1 — a binder based on bitumen with
the fiber in the amount of 4% of the weight of
granular asphalt; 2 — a binder based on bitumen
with the fiber in the amount of 3% of the weight
of granular asphalt; 3 — binder without fiber

Fig. 2. Dependence of the binder concentration on the
thickness of the coating layer and the service
life of 1%—-8% bitumen in the mixture; 2—-7%;
3-6%; 4-5%; 5-4%; 6-3%; T-2%

amount of bitumen from 8% to 2% by weight of
granular asphalt.

The binder concentration constantly changes in
the coating layers under atmospheric factors and
traffic. There is a constant diffusion into the layer,
and the concentration changes from higher (80% or
100%) to lower (20% or 60%). The binder does not
fulfill its function when reaching a particular con-
centration limit, which accelerates pavement de-
struction. The minimum concentration will obvi-

ously be at a later date when the binder concen-
tration is reducing in the upper layer and diffusing
into the lower layers of asphalt pavement. It is pos-
sible to adjust the road service life based on this
provision. The time during which the binder con-
centration decreases below 70% can be considered
the beginning of intensive pavement destruction.

Literature sources claim that reinforcing addi-
tives reduce the diffusion of bitumen in the un-
derlying layer due to the formation of a structural
framework in the bitumen-fiber system [12]. The
above is especially typical for fibers with a rough
particle surface, such as the fiber of fly ash from
TPP.

As the temperature rises, microparticles of the
fiber of fly ash interpenetrate into the molecules
of the most active part of bitumen, namely as-
phaltenes. The fixation of particles in the binder re-
duces the amount of free bitumen, structuring it and
thereby preventing the binder from moving deeper
into the layer, and increases the strength and dura-
bility of granular asphalt concrete in the pavement.

3. Results

The author used the following materials to con-
duct experimental studies on the composition se-
lection of granular asphalt concrete and determine
its physical, mechanical, and performance proper-
ties when carpeting with an asphalt concrete pave-
ment by the hot recycling method:

* milled asphalt concrete;
¢ o1l road bitumen BND 60/90;

* mineral material — crushed granite of 5-
10 mm fraction;

* stone screening dust of 0—5 mm fraction;
e fiber of fly ash from TPP.
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Table 2. Variants of restoration technology for asphalt concrete pavements
Condition of the pavement =~ Methods of restoration
before restoration 1. Hotregeneration with surface 2. Traditional, leveling course (3 cm)
treatment and new pavement (6 cm)
E=130 MPa E=180MPa E=180 MPa
A A A
JA) A JAN - A ‘
Table 3. Grain size composition of the granular asphalt
Indicators Mesh size (mm)
20 15 10 5 2.5 125 0.63 0315 0.16 0.071
Partial residuals (g) 32 8 88 160 120 52 100 140 116 52
Partial residuals (%) 3.40 0.85 9.36 17.0 127  5.53 10.6 14.8 123 553
Full passes (%) 96.6 75.7 66.3 49.3 363 210 204 55 3.2 0.67
Requirements 90-100 85-100 75-100 60-70 48-60 37-50 28-40 20-30 13-20 8-14
according

to standards

Indicators Mesh size (mm)
<0.071

Partial residuals (g) 72

Partial residuals (%) 7.67

Full passes (%)

Requirements according to standards

Table 4. Indicators of properties of oil road bitumen BND 60/90

No. Indicator name, unit of measurement Test result DSTU 4044 value for BND 60/90 grade

1 Needle penetration depth (0.1 mm)

at 25°C 76
at 0°C 23
2 Ring-and-ball softening point (°C) 50
3 Elongation (cm)
at 25°C 100
at 0°C 4.5
4 Brittleness point (°C) —17
5 Flash point (°C) 240
6 Change in softening point after 35
progress (°C)
7 Penetration index -0.2

From 61 to 90
Not less than 20
Not lower 47

Not less than 55

Not less than 3.5
Not higher than —15
Not lower than 230
Not more 5

—1to+1

Taking the conditions of Ukraine as a back-
ground, the authors justify the usage of the hot re-
cycling method in carrying out restoration of as-
phalt concrete pavements as part of road repairing

works (involving roads containing asphalt concrete
pavements). Table 2 presents the variants for the

restoration of asphalt concrete pavements.
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Table 5. Physical and mechanical properties of the crushed granite

No. Indicator names Actual DSTU B V.2.3-39
indicators  requirements
1 Content of crushed grains by weight (not less %) 85 85
2 Content of lamellar (flaky) and needle-shaped grains by weight (no 15 15
more %)
3 Content of grains of weak rocks by weight (no more %) 2.8 5
4 Content of dust and clay particles by weight (no more %) 1 2
5 Clay content in lumps (% by weight, no more) None 0.25
6 Crushing grade (not less) 1,000 1,000
7 Attrition grade Al Al
8 Frost resistance grade (not lower) F150 F150
9 Plasticity grade P11 PI1-P12
10 Water resistance grade Bl B1-B2
11 Bulk density p, (kg/m?) 1,318 -
Table 6. Physical and mechanical indicators of the stone screening dust
No. Indicator names Actual DSTU B V.2.3-39
indicators requirements
1 True density (kg/m?) 2,628 -
2 Average density (kg/m?) 2,621 -
3 Bulk density (kg/m?) 1,540 -
4 Content of dust and clay particles, by weight (no more %)  0.96 2
5 Crushing grade (not less) 1,000 1,000
6 Attrition grade Al Al
7 Frost resistance grade (not lower) F150 F150

The following structural and technological
scheme was adopted as a compared variant:

* hot recycling of 7 m wide asphalt concrete
pavement to a layer depth of 8 cm using a
WR-2500 recycler with the introduction of
viscous bitumen;

modulus of elasticity on the paving sur-
face before repair — 130 MPa, after repair
— 210 MPa;

recycling is carried out in three passes
across the width of the carriageway, and the
overlap of the passageways is 250 mm.

Since hot recycling provides a higher modulus
of elasticity and allows carrying out work over the
entire thickness of the layer (8 cm), option No. 1
was adopted. The milled asphalt concrete was re-
moved with a milling cutter to a layer with a thick-
ness of 6 cm. Table 3 shows the grain size compo-
sition of the granular asphalt.

As can be seen from Table 3, with the exception
of the 20 mm fraction, the grain size composition of
the granular asphalt fails to meet the requirements
of DSTU B V.2.7-119 for all fractions. Therefore,
it is necessary to add a new mineral material such
as crushed stone and screening in order to ensure
the required density of granular asphalt concrete.
The author of this article provides indicators of the
properties of oil road bitumen BND 60/90 under
the requirements of DSTU 4044 in Table 4 [13].

The bitumen used in the present research meets
the DSTU 4044 requirements [ 13]. The author used
the crushed granite of the Novopoltavsky quarry
(Ukraine) in the research. Table 5 provides its phys-
ical and mechanical indicators.

As can be seen from Table 5, the crushed stone
used fully meets the DSTU B V.2.3-39 require-
ments [14]. Stone screening dust is from the same
quarry, and its physical and mechanical indicators
are given in Table 6.
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As can be seen from Table 6, the used stone
screening dust fully complies with the DSTU B
V.2.3-39 requirements [14]. The preparation of bi-
tumen with the addition of fiber was as follows. The
reinforcing additive, the fiber, was introduced into
the bitumen, heated to 150°C, and stirred therein
by hand until uniform. The distribution of fiber in
the bitumen was quick and uniform within 10 min.
The firm compression of the granules caused the
poor distribution of Topcel, Antrocel, and Chryso-
topes in the bitumen without preliminary destruc-
tion. Therefore, they were mechanically destroyed
in a porcelain mortar that was operated by hand,
and thus reduced to a fluffed state. After that, it was
possible to achieve a uniform distribution of addi-
tives in the bitumen. The appearance of the bitumen
with the fiber of fly ash added is a mobile, mushy
mixture (without lumps) with a black gloss. At the
same time, the viscosity of bitumen increased.

The author prepared the granular asphalt con-
crete with the fiber of fly ash in the following
way. Dosed components of the mixture were heated
to the required temperatures: crushed stone and
screening dust to 175°C, and bitumen to 155°C.
The heated temperature of the inner surface of the
laboratory mixer was 140°C. The author added
crushed stone and screenings to the mixer with the
prepared mixture and mixed it for 30 s. Then, the
fiber was loaded and mixed for 1.0 min; bitumen
was added thereafter and mixed for 1.0 min until
the bitumen completely covered the mineral mate-
rial, and a homogeneous mixture was formed.

The total mixing time was 4.5 min. Before man-
ufacturing the samples, the mixture was maintained
for 20 min at a temperature of 150°C. Samples
from the granular asphalt concrete mixture were
made in accordance with GOST 12801-98 [15].
Samples were tested in accordance with GOST
12801-98, GOST 31015-2002, and VBN B.2.3-
218-002-95 [15-17].

The author studied the microstructure of the
fiber with an Axioskop 2 MAT microscope with a
series of EC Epiplan-Neofluars lenses for improved
color correction. The electron microscopic images
were processed to obtain quantitative information
about structural elements and their relative position
in space. The geometric parameters of the additives

were measured, and their appearance, the nature of
their mutual arrangement, and the distribution of
bitumen were studied. Color micrographs were ob-
tained by photographing the pre-prepared fiber of
fly ash of TPP. Figure 3 shows the appearance of
the fiber used.

Fig. 3. Fiber

The physical and mechanical properties of the
used fiber of fly ash are as follows:

* average diameter of the fiber is 160.0 pwm;
¢ amount of non-fiber additives is 3%;

* density is 2.65 g/cm?;

* water resistance is 99.6%;

* modulus of elasticity is 120 MPa; and

* elongation at break is 3.1%.

The relative humidity of cellulose and min-
eral fibrous additives was determined according to
GOST 16483.32-77 “Wood. Method for determin-
ing the limit of hygroscopicity” [18]. The hygro-
scopicity of fibrous stabilizers with natural humid-
ity was determined by keeping the fiber for a day
in a hermetically sealed desiccator at a relative hu-
midity of 98% and a temperature of 20 4 3°C. The
author placed a weighed sample (in a pre-weighed
weighing bottle) above water poured into a desicca-
tor, where the room temperature was at 20 + 3°C.
The weight of samples of additives in the desicca-
tor was measured in a day.

The degree of swelling and linear expansion
of cellulose additives were determined according
to GOST 7516-75 “Cellulose. Swelling method”
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[19]. The author determined the degree of swelling
through the change in the weight of the additive
samples after keeping them in water at 20 £ 3°C,
by weighing the samples by weight method before
and after their swelling. Prepared samples of cel-
lulose additives were immersed in water for 1 day.
Then, they were removed and kept on a mesh tray
until free water flowed off the surface of the addi-
tives.

The author determined the linear expansion of
cellulose by the increment in the height of the cellu-
lose additive samples in water and expressed it as a
percentage. Linear expansion was measured simul-
taneously with the degree of swelling of the cellu-
lose by weight. The above presupposed the height
of the cylinder with the additive to be measured.
The discrepancy between the results of three par-
allel determinations should not be more than 0.5%
(in absolute value). The result was the arithmetic
mean of three parallel determinations, rounded to
the first decimal place.

The flowability of all studied additives was de-
termined according to GOST 25139-93 “Plastics.
Methods for determining flowability” [20]. The
outflow rate of stabilizing additives characterized
their flowability. The outflow rate was determined
on the developed model of the receiving hopper for
stabilizing additives (Figure 4). A plastic hopper
had an outlet through which the additives passed.
The fixation of the hopper was in an upright posi-
tion on a tripod. The outlet was closed with a pawn-
ing device.

To check compliance with GOST 31015-2002
and GOST 9128-2009, the authors studied the char-
acteristics obtained as a result of the addition of
the fiber of fly ash to bitumen, asphalt binder, bi-
tumen fiber, granular asphalt, and granular asphalt
concrete [16, 21]. The author used Vibra AJ 2200
CE laboratory electronic balance to weigh the dos-
ing of crushed stone, screenings, bitumen, and fiber
when preparing a mixture of asphalt binder and
the asphalt concrete mixture. A drying oven was
used to heat the mixture components; mixing was
carried out in a laboratory mixer SL - AB. The
temperatures of the heated materials were moni-
tored with an OPTRIS SIGHT MS pyrometer hav-
ing a temperature measurement range from —32°C

200mm
g i |
\| 2
A
==
Ty
I ' ‘ Hopper support

& .

=] L F =50mm

Fig. 4. Model of receiving hopper for stabilizing addi-
tives. 1 — direction of additives loading; 2 — inlet
opening; 3 — outlet opening

to 420°C. A vacuum setup with a filter moisture
separator and a Wigem vacuum pump was used to
determine the water saturation and strength of the
samples in a water-saturated state.

The author determined the strength of asphalt
binder and asphalt concrete by hydraulic presses P-
50 and IP-100, providing an error in measurement
of no more than 1%. The possibility of adjusting
the rate of application to the sample was within
0.2-0.6 MPa/s. The choice of hydraulic presses
is motivated by the expectation that the breaking
load should be 0.2%-0.8% of the maximum force.
When investigating the properties of bitumen with
the added fiber of fly ash from Chinese TPP, the
author used the following equipment: a ductilome-
ter DMF-1480 No. 06, which is a viscometer for
determining the relative viscosity of the bitumen.
Table 7 provides the indicators of the properties of
bitumen with the added fiber, and Figures 5—7 show
the dependence of these indicators on the content of
additives in the bitumen.

Analysis of the data in Figure 5 shows that an
increased amount of fiber decreases the viscosity of
the bitumen, i.e., the stiffness increases.

According to Figure 6, the fiber structures the
bitumen since the indicators of the needle penetra-
tion depth are high even at 5% of its introduction.

According to Figure 7, the elongation of the bi-
tumen with the fiber added decreases at 25°C, i.e.,
binder stiffness increases. The calculation of the



Repairing asphalt concrete using hot recycling

189

Table 7. Indicators of properties of the bitumen with additives

No. Indicator name, unit of measurement Additive content BND Fiber
in bitumen (%) 60/90
1 Needle penetration depth (0.1 mm)
at 25°C 0 76 -
at 0°C 23
2 - 47.0
23.4
3 - 40.2
25.8
4 - 374
25.3
5 - 36.3
23.3
2 Ring-and-ball softening point (°C) 0 50 -
2 - 64
4 - 67
5 - 75
7 - 78
3 Elongation (cm)
at 25°C 0 100 -
at 0°C 4.2
2 - 43.3
3.5
4 - 30.5
4.0
5 - 27.2
4.2
7 5.3
3.6
4 Brittleness point (°C) 0 -17 -
2 - —18
4 - -25
5 - —-22
7 - —19

amount of new crushed stone in the granular as-
phalt concrete mixture depends on the amount of
the bitumen in the granular asphalt. Based on the
ratio, the authors determined the amount of binder
in the granular asphalt by burning the mixture to the
amount of new binder. We can calculate the amount
of crushed stone added to the granular asphalt con-
crete according to the following formula:

z
M= = .100% 2
X 00% (2)

where Z is the amount of binder in the granular as-
phalt;

X,=7-Z 3)

where 7% is the bitumen content in the granular
asphalt concrete according to DSTU B V.2.7-119.
Then,

X, =7—4=3% 4)
The ratio obtained is:
3
M= 1 100% = 0.75-100 = 75% ®))

The calculation of the amount of addition of
new crushed stone (G) is as follows:

G=100%—-M ©6)
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Fig. 5. Dependence of the indicators of the needle pen-
etration depth into the bitumen on the content of
the additive at 25°C
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Fig. 6. Dependence of the indicators of the needle pen-
etration depth into bitumen on the content of the
additive at 0°C

where 100% represents the composition of the
granular asphalt concrete;

G=100%—175=25% @)

However, it is necessary to remember that the

granular asphalt concrete mixture (P) consists of

crushed stone (G), bitumen (X), and fiber (F'). The

addition of fiber is in an amount of 4% above the
weight of the mineral part:

P=G+X+F 3)

To accurately calculate the amount of new

crushed stone, we subtract the bituminous fiber

90
60
1

50
L0
30

Elasticity, cm at 25 °C

10
n |
0 » % 5% T

Content of additives in bitumen, %

Fig. 7. Dependence of the indicators of the bitumen
elongation on the content of the additive at 25°C

from the total composition of the granular asphalt
concrete mixture.

PP=G-X-F )

P =100—3—-4=93% (10)

Then, the amount of the granular asphalt in the
mixture will be as follows:

K,=75-93=69.75=70% arn)

The amount of new crushed stone added will be
as follows:

K. =100—-69.75 = 30.22 = 30% 12)

Thus, the following granular asphalt concrete
mixture (shown in Table 8) was adopted for further
research.

Table 8. The composition of the granular asphalt con-
crete mixture

Mixture components Amount (%)
Granular asphalt 69.75

New crushed stone 30.22

Fiber of fly ash from TPP in China 4.0

Bitumen BND 60/90 3.0

TPP, thermal power plants.

In order to compare the research results, the au-
thor also tested the granular asphalt concrete mix-
ture without the fiber of fly ash.
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4. Discussion

According to the data presented in the figures,
the fiber of fly ash has a positive influence on the
water resistance and compressive strength at 20°C
and 50°C. Indicators of water saturation increase
with the addition of the fiber to 2.5%, and thus the
mixture is not dense. An increase in the amount of
fiber up to the calculated 4.0% and even up to 5%
leads to a decrease in water saturation. Thus, a mix-
ture with a dense structure has been obtained, in
which the bitumen completely covers the grains of
the mineral material.

The hot granular asphalt concrete with the fiber
added has higher strength at 20°C and 50°C than
the traditional composition. The ultimate strength
and density of the mixture are achieved by intro-
ducing the fiber in the amount of 5% of the weight
of the mineral part. However, it increases the
amount of bitumen, which is undesirable. There-
fore, our calculated threshold of a 5% fiber con-
tent is judged prescient in ensuring that optimal
strength and density parameters are obtained for
the mixture, while keeping the amount of bitumen
within an acceptable limit. Figure 8 shows how wa-
ter resistance k,, and water resistance at long-term
water saturation k,,; of the hot asphalt concrete de-
pend on the content of the fiber of fly ash at the op-
timum bitumen content. Figures 9 and 10 present
the compressive strength at the optimum bitumen
content.
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Fig. 8. The dependence of water resistance k,, and wa-
ter resistance at long-term water saturation ks
of the hot granular asphalt concrete on the con-
tent of fiber of fly ash at the optimum bitumen
content
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Fig. 9. Compressive strength Ry versus the content of
fiber of fly ash at the optimal bitumen content
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Compressive strength, R,;, MPa
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Fig. 10. Compressive strength Rsg versus the content of
fiber of fly ash at the optimal bitumen content

The selection and observance of the optimum
temperature conditions for preparation are critical
for obtaining high-quality asphalt concrete mix-
tures [22]. When unloading from the mixer and lay-
ing, the temperature of the hot granular asphalt con-
crete, depending on the bitumen binder used, must
correspond to the values specified in Table 9.

The author determined the effect of temper-
ature of mixing (T,,;,) granular asphalt concrete
mixture on the physical and mechanical proper-
ties by assessing the strength indicator (Rpg and
Rsp) and water resistance (k,, and k,,;) of the fiber-
reinforced granular asphalt concrete samples, pre-
pared at various mixing temperatures. The temper-
ature of mixing was varied in increments of 5°C,
and the temperature variation interval was 140-
155°C. Table 10 presents the obtained physical and
mechanical properties of hot granular asphalt con-
crete.

According to the test results, the hot granular
asphalt concrete mixture with the fiber prepared
at a temperature T, 145°C possessed the high-
est strength and water resistance indicators. An
increase in the mixing temperature decreased the
strength and water resistance indicators and in-
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Table 9. Temperature of the hot granular asphalt concrete depending on the bitumen binder

Needle penetration depth, 0.1 mm, at 25°C  Temperature (°C)

When unloading When laying, not less

40-60 incl.
60-90 incl.

150-160 140
145-150 145

Table 10. Influence of the temperature of mixing (T,,;;) on the physical and mechanical properties of the fiber-

reinforced granular asphalt concrete

Indicator

Temperature of preparation (°C)

Granular asphalt concrete with fiber

Granular asphalt concrete

140 145 150 155 140 145 150 155
Compressive strength (MPa):
at 0°C, R® 8.07 8.64 8.35 8.21 759 82 7.89 7.76
at 20°C, Ryg 4.3 4.71 4.55 4.42 337 378 3.62 3.53
at 50°C, Rsg 1.7 1.9 1.83 1.79 1.04 1.19 185 1.82
Water resistance (k,,) 0.89 0.96 0.93 0.92 0.8 0.87 0.84 0.84
Water resistance during long-term  0.81 0.87 0.84 0.82 0.74 0.8 0.7 0.76
water saturation (k)
Water saturation 2.28 2.2 2.16 2.1 268 272 297 299

(W, % by volume)

Table 11. Test results of hot granular asphalt concrete mixtures

Indicators First option Second option
Granular asphalt Granular asphalt Granular asphalt Granular asphalt
concrete concrete concrete concrete
with fiber with fiber

Compressive strength (MPa):

at 0°C, R® 4.52 4.01 4.54 4.07

at 20°C, Ryo 1.65 1.37 1.7 1.40

at 50°C, Rx

Water resistance (k,,) 0.96 0.83 0.94 0.84

Water resistance at long-term (.84 0.72 0.8 0.70

water saturation (k)

Water saturation 2.1 241 2.35 2.4

(W, % by volume)

creased water saturation. If T, decreases below
165°C, the strength and water resistance decrease
significantly, and the water saturation indicators
practically do not change.

The traditional hot asphalt concrete mix-
tures are prepared according to the technological
scheme, which involves the simultaneous supply
and mixing of crushed stone, sand, mineral powder,
and bitumen [23]. The better part of bitumen com-
bines with mineral powder due to the high surface
activity of its grains, and as a result, the surface of

crushed stone and sand with bitumen gets wet to a
worse extent.

According to research, the introduction of min-
eral powder into the mixer simultaneously with
crushed stone and sand worsens the wetting of
crushed stone and sand grains with bitumen due to
the adhesion of mineral powder particles to their
surface. Crolley [24] believes it is possible to im-
prove the wetting of stone material with bitumen by
introducing a mineral powder after mixing crushed
stone and sand with bitumen. The result is a perfect
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distribution of the asphalt binder, which increases
the system density, strength, and water resistance.

In order to improve the technology for prepar-
ing hot granular asphalt concrete mixture, the au-
thor examined how the sequence in introducing
the components of granular asphalt concrete influ-
enced its properties. The preparation of hot granu-
lar asphalt concrete was carried out in two ways:

Option 1: Mineral aggregate, fiber of fly ash,
and bitumen would be heated to the required tem-
perature and dosed, followed by feeding into the
mixer and mixing all components.

Option 2: The mineral aggregate and bitumen,
heated to the required temperature and dosed,
would be fed into the mixer and mixed; and then,
the dosed amount of fiber would be added to the
mixer.

Samples were made from hot granular asphalt
concrete mixtures prepared according to the pro-
posed options. Then, the samples were tested for
compressive strength at 20°C and 50°C (Ryy and
Rsp), water resistance (k,, and k,,,), and water sat-
uration (W). The test results are presented in Ta-
ble 11.

According to the data in Table 11, the hot gran-
ular asphalt concrete prepared according to the first
option has the highest strength and water resistance
indicators. Thus, the sequence involved in intro-
ducing the components of hot granular asphalt con-
crete into the mixer according to the first option,
which involves mixing the mineral material with
fiber and bitumen, is the most rational.

Thus, the conducted studies of the technological
properties of hot granular asphalt concrete showed
that the addition of fiber does not complicate the
process of preparing asphalt granulometric con-
crete and is carried out by combining the con-
stituent components with bitumen. The resulting
mixture is characterized by homogeneity, that is,
uniform distribution of fiber and bitumen on the
grains of the mineral material. There are no lumps
and uncoated surface of grains of mineral material.
Analyzing the data, the author of this article posit
the following arguments:

* the use of the fiber of fly ash provides suffi-
cient water and crack resistance to hot gran-

ular asphalt concrete;

¢ the introduction of the fiber makes it pos-
sible to obtain higher indicators of strength
than it is with the traditional asphalt granu-
lometric concrete;

* the studies on water and frost resistance
confirm a high quality of the obtained hot
granular asphalt concrete with fiber. The co-
efficient of water and frost resistance in-
creases while water saturation and swelling
decrease.

All these confirm the rationality of using
fiber as a reinforcing additive when restoring as-
phalt concrete pavements using the hot recycling
method.

5. Conclusion

The conducted review of the available literature
data indicates that the restoration of asphalt con-
crete pavements by the hot recycling method must
be performed on roads that can be categorized into
a high level of damage owing to the presence of
a significant number of defects and substantial de-
struction. Processing of granular asphalt in a plant
with the addition of a new binder and mineral ma-
terial will ensure its higher technical, physical, and
mechanical characteristics than when using other
methods of restoring the transport and operational
properties of non-rigid pavements. The theoretical
studies carried out prove the possibility and feasi-
bility of using fiber of fly ash to improve the qual-
ity and durability of granular asphalt concrete pre-
pared from milled asphalt by hot recycling.

The introduction of fiber of fly ash into the gran-
ular asphalt mixture contributes to the uniform dis-
tribution of new bitumen on the grains of the min-
eral material throughout the entire layer thickness
due to the combination of fiber microparticles with
bitumen and structuring of the binder. Experimen-
tal laboratory studies have shown that the use of
fiber of fly ash in hot granular asphalt concrete
makes it possible to obtain a material with higher
strength characteristics and lower water saturation
and swelling.
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The mechanism of interaction of fiber with bi-
tumen in asphalt binder has been developed. A fea-
ture of the interaction is that interactions occur in
bituminous layers between grains of mineral ma-
terial, and microfibers of the fiber are in the zone
of action of the forces of active groups of bitu-
men. The process of distribution of microparticles
of fiber in hot granular asphalt concrete with stir-
ring has been studied, as well as the mechanism of
interaction between the components of granular as-
phalt concrete at all stages of its preparation (heat-
ing, mixing). The conducted studies of the mixture
of fiber and bitumen fully confirm the theoretical
premises on the chemical interaction of these sub-
stances by combining fiber microparticles of fly ash
and the most active part of bitumen — asphaltenes
and asphaltenic acids.

The design of the composition of hot granular
asphalt concrete in terms of adding new crushed
stone was carried out in relation to the ratio of
bitumen in the milled granular asphalt and the
amount of added binder, and showed that the op-
timal amount of mineral material that can be in-
troduced is up to 30%. Based on the study of the
structure and chemical composition of bitumen, it
can be argued that the interaction of the binder with
microparticles of fiber occurs according to the type
of chemical compound present as the active com-
ponents of these substances.

There is a diffuse penetration of a viscous lig-
uid — bitumen — into the structure of fiber particles,
which is facilitated by the presence of pores and a
rough surface of the particles. The use of fiber of
fly ash is an extension of the range of additives that
are used in granular asphalt concrete and shows the
possibility of its use in traditional asphalt concrete
compositions. Technological solutions have been
tested that increase the performance of the pave-
ment structure, which is ensured by the introduc-
tion of fiber of fly ash into the composition. As a re-
sult, dispersed-reinforced structures with increased
crack resistance at low temperatures and resistance
to the formation of plastic deformations in the sum-
mer are obtained.

The use of fiber of fly ash, either when carrying
out restoration of asphalt concrete pavements us-
ing the hot recycling method or when implement-

ing the same technology using the cold method,
makes it possible to reduce the cost and ensure that
the completed work results in a high-quality and
durable structural layer of pavement. The result-
ing composition indicates the structural integrity of
the formed pavement. Hot recycling allows cohe-
sive layers of great thickness to be obtained, which
are characterized by homogeneous material. This
eliminates the need for liquid binders between thin
layers of pavement, which is required in traditional
garments.

The addition of fiber of fly ash to the asphalt
concrete mixture shows a direct reduction in the
cost of materials and construction work involved in
the hot recycling method, since the use of fiber as
a reinforcing additive increases the structural and
mechanical properties of the milled asphalt con-
crete mixture and provides an increase in the oper-
ational properties and durability of the asphalt con-
crete pavement, which can be restored using suit-
able recycling methods.
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