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3.9 FEATURES OF INTERACTION OF ORGANIC BINDER AND SLAG FILLER

Kateryna Krayushkina', Andriy Belyatynsky’, Tetiana Khymeryk’

In conditions of constant development of the road transport followed by fast increase in the
scope of truck fleet, increase in carrying capacity and dynamic features of cars, overall
performance of vehicles to a great extent depends on riding qualities of motor roads which is
assessed with regard to strength, evenness and roughness. The dominant role here belongs to
asphalt pavements protecting road structure from direct effect of climatic factors impact and
ensuring design speeds.

Asphalt pavements well proved themselves in the most complicated activity of road
operational services during winter period when due to slipperiness formed on the surface of the
road pavement, significant reduction in vehicles speed, traffic intervals and increase in the number
of road accidents took place that negatively affected economic parametres of the state.

One of priority tasks of road branch is increasing operational reliability of motor roads
during different seasons of the year. The main ways of of this task solution is application of asphalt
pavements having sufficient durability that allows to ensure standard riding qualities and
improvement of of road pavement design for the purpose of reduction of winter slipperiness
formation.

Recently, in connection with increasing cost of road-building materials, the most actual
problem in highway engineering was a wide application of local materials. In the regions with well
developed iron and steel industry the most widespread local materials are coproducts of black and
nonferrous metallurgy, that are the slags. Numerous researches define possibility of their use for
preparation of asphalt mixes.

Use of asphalt concrete with slag materials is restricted for the pavements of the III-rd
technical category highways and for lower road categories by existing regulations. This results
from the fact that the properties of asphalt concrete with slag materials as road-building materials
are considered in comparison with the properties of asphalt concrete on traditional (granite mineral)
materials and insufficient] attention is given to studying operational and deformatsion-strength
properties of asphalt pavements with slag materials, especially on the highways of the highest
categories.

The urgency of the problem which is considered can be explained by the fact that in the
regions with highly developed iron and steel industry the use of asphalt concrete with slag materials
in the pavements of highways allows to gain certain economy of funds at their construction and
maintenance, and also helps to solve the problem of metallurgical industry waste use.

Asphalt concrete with slag materials is an artificial construction conglomerate, which is
a mixture of different types of metallurgical slags and bitumen, produced under certain
technological conditions, laid and compacted in the upper layers of road pavement.

The study of the possibility of using metallurgical slag in asphalt concrete is the work of
many scientists and the author: Belyatynsky, Krayushkina, Eremina, Korolev, Rastegayeva,
Samodurov, Yudina, Hushek, Kandhal, Li et al. (2012), Sivilevicius et al. (2011), Shen et al.
(2009), Sofilid et al. (2011), Takahashi et al. (2011), Wang et al. (2011), Wu et al. (2007).
As a result of literary analysis, a fairly wide range of metallurgical slags was considered.

Based on the study of physical and mechanical properties, the possibility of using different
types of metallurgical slags for the preparation of hot and cold asphalt concrete has been proved.

Of all types of slags of ferrous and nonferrous metallurgy, blast furnace slags, which are less
prone to different types of decay, are most suitable for road construction. Slag materials with
desired properties are obtained by controlling the speed of the cooling process of the slag melt.
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The cooling rate determines the chemical, hydraulic activity of the material, its
physicomechanical properties, structure and mineralogical composition, as well as features of
interaction with bitumen in asphalt concrete. With rapid cooling, the slag melt turns into sand with
a grain size of 0-2.0 mm, which has high hydraulic properties. During the slow cooling of the slag
melt, heat energy is mainly spent on crystallization processes. The material is gaining high strength,
but largely loses its hydraulic knitting properties.

Asphalt concrete with slag materials, as well as asphalt concrete from traditional materials,
is divided into crushed-stone (fine-grained, coarse-grained) and sandy. Slag crushed stone, sand
(natural or slag) and mineral powder are present in the crushed stone asphalt concrete as a mineral
part. In the sandy asphalt concrete, at the base of the mineral part, there are slag, slag-and-sand
sands and granulated slags. Depending on the laying temperature of asphalt concrete with slag
materials, mixtures can be hot and cold.

Studying asphalt concrete with slag materials, all the above authors note the following:
while maintaining the regularities inherent in asphalt concrete from traditional materials, the
properties of asphalt concrete with slag materials are determined by the type of slag, its structure
and porosity, which determine the nature of its interaction with bitumen.

The high chemical activity of slags and the high content of adsorption centers, in the form of
divalent and trivalent cations Ca* 2, Mg+ 2, Fe' 2, Fe' 3, leads to the formation of a solid bitumen —
mineral material. In the interaction of bitumen with slag materials, the physical and chemical
sorption bonds that have been formed firmly hold the bitumen film on the surface of the mineral
material. The high porosity of slag materials, when combined with bitumen, leads to filtration of
the binder and its components in the middle of the grains of the mineral material.

In the process of filtration, the oils penetrate through the capillaries into the grains to the
greatest depth, the resins, due to their lower mobility and greater activity, penetrate to a lesser
depth. Having a developed porous structure, slag crushed stone in asphalt concrete contributes to a
more complete conversion of bitumen to a structured state. At the same time, due to selective
diffusion of bitumen, enrichment of the structured layer with asphaltenes occurs. Selective filtration
of bitumen components leads to the formation of more rigid and less elastic bitumen films on the
surface of the slag aggregate.

The interaction of bitumen with slag aggregate leads to the realization of physical,
mechanical, chemical, electrostatic and diffusion processes; as a result, adhesive bonds at the
bitumen — mineral interface become durable and resistant to climatic factors, both at the time of
combining and in time. The nature of the slag crushed stone surface, the viscosity of bitumen and
its interaction with mineral material provide asphalt concrete with high indicators of internal
friction angle ¢ (from 40° to 50°), which exceeds the value for asphalt concrete prepared using
granite crushed stone (from 33° to 41°) .

The dependence of bitumen capacity indicators on the structural and textural signs of slag
rubble was established: slag of a pumice-shaped structure with a porosity of 69 % has the greatest
bitumen capacity, then slags of a capillary-porous structure with a porosity of 37 %, slags with a
porosity of up to 14 % have the least bitumen capacity.

Asphalt concrete with slag materials has a greater value of residual porosity and,
accordingly, a greater rate of water saturation than similar compositions on traditional (granite)
mineral materials. Moreover, it should not be considered as a disadvantage, but as a feature of this
type of asphalt concrete. Indicator of water saturation, as well as bitumen intensity, depends on the
open porosity of the material. Gezentsvey (1956), Kovalev (1991), Rudensky (1992), comparing
asphalt with slag materials with highly porous asphalt concrete from natural mineral materials,
concluded that they were not sufficiently resistant to water, as well as freeze-thaw cycles.

But observations of the arranged asphalt concrete coatings with slag materials and studies
carried out by Kovalev (1991) showed that the coating has a high frost resistance. This is due to the
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peculiarity of asphalt concrete porosity from traditional mineral materials and asphalt concrete with
slag materials. In the latter, the residual porosity is mainly represented by closed pores.

Closed porosity creates a rigid structure of the material, the linear expansion coefficient of
which is 1.5 times lower than in asphalt concrete from traditional materials. This leads to a
decrease in temperature stress with sudden changes in temperature, and increased frost resistance
and, consequently, durability of coatings.

The peculiarity of asphalt coatings with slag materials, in comparison with traditional ones,
is a longer process of their formation. Rudensky (1992) found that the formation of coatings from
asphalt concrete mixtures with slag materials does not occur immediately, but continues for some
time. When the traffic intensity is more than 1 000 auto/day, the formation of asphalt concrete on
slag sand ends in 1-1.5 years, on granulated slags — in 2—5 years from the moment of construction.
At the same time, coatings already at the initial stage of operation have high shear resistance and do
not exhibit ruts and sagging on them.

During the operation of the coating, with the stabilization of the structure of asphalt
concrete, there is a decrease in pore volume, an increase in the density of asphalt concrete, an
increase in the value of the angle of internal friction. The greatest increase is observed in the first
year, in subsequent years, the angle of internal friction remains almost unchanged. The value of the
internal adhesion in asphalt concrete with slag materials is steadily increasing as a result of the
strengthening of coagulation structural bonds and irreversible processes that occur in the bitumen
film.

When studying asphalt concrete with granulated slags and slag-and-sand sands, the features
of preparation, laying and compaction of asphalt concrete with slag materials were established.
Thus, on the basis of large-scale studies, it was established that the temperature regime for the
preparation of such mixtures is within 110-130 °C, laying in the coating of mixtures on viscous
bitumens is possible at a temperature of 70-80 °C, and the sealing temperature is in the range of
50-70° WITH. Thus, asphalt with slag materials occupies an intermediate position between the hot
and cold type of asphalt.

Studies in the US by scientists Hunt, Boyle (2000) describe that in 1994, experimental sites
were built in Oregon to assess the use of steelmaking slag in hot asphalt concrete mixes (HMAS).
The research covers construction and observation, for five years, of the condition and TEC of a
coating made of asphalt concrete, which included 30 % of the slag of steelmaking.

The production of asphalt concrete and the construction of pavement is not difficult, even
when crushed steelmaking slag is used as aggregate. If the unit cost of production of asphalt
concrete mixtures modified by steelmaking slags is the same as asphalt concrete mixtures of granite
materials, the total project costs may increase due to a decrease in the specific surface area due to
the use of a more “heavy” mixture made using steelmaking slag production.

For the pilot site for (NMAS), built on 30 % of the steelmaking slag, the specific surface
area was 15 % less than when using the traditional “B” type asphalt mix.

Studies conducted in Turkey by scientists Ahmedzade, Sengoz (2009) demonstrate the
effect of using steelmaking slag as a mineral material on the properties of hot mix asphalt. Four
different types of asphalt mixes were used to prepare Marshall samples, and determine the optimal
bitumen content.

The physicomechanical characteristics of all the mixtures were evaluated for stability
according to Marshall, the modulus of tensile elasticity, and the determination of the tensile
strength. Samples were examined for electrical sensitivity. It was noted that the slags of
steelmaking production, used as a mineral material, improved the physical and mechanical
properties of asphalt concrete mixtures.

Studies began with an assessment of the toxicity, chemical and physical properties of slags
in steelmaking. Then, 0 %, 25 %, 50 %, 75 % and 100 % of the amount of limestone mineral
material in the asphalt mixes was replaced with slag material from steelmaking.
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The effectiveness of the slag aggregate of steelmaking was evaluated by improving the
indicators of tensile strength, elastic modulus, resistance to groove formation, fatigue life of asphalt
concrete samples. It was found that the replacement of up to 75 % of the amount of large limestone
aggregate with aggregate from the steelmaking slag (SISP) improved the physical and mechanical
properties of asphalt concrete mixtures. The results also showed that a 25 % replacement was the
optimal replacement level.

Studies conducted by scientists from Oman, Asi et al. (2007), Hassan, Al-Jabri (2011),
report on laboratory testing of granulated copper slag as fine aggregate in hot mix asphalt. The
selection of the composition of the mixture according to Marshall was carried out on various
mixtures containing up to 40 % of aggregate — copper slag. Testing of the dynamic module as the
main indicator of material properties in the Guidelines for the design of road pavement using the
mechanical — empirical method (IU — PDG) was carried out at different frequencies (from 0.1 Hz to
16 Hz) and at different temperatures (from 25 °C to 60 °C).

Baseline curves and shear coefficients for the dynamic modulus for control mixtures and
slag-containing mixtures were developed. The curves developed were compared with the predictive
model according to Witczak for 2 and 3 IU — PDG. The results showed a decrease in strength with
increasing slag content in the mixtures compared with the control mixture.

As a result, the aggregate, which includes the steelmaking production slag, due to its
physical and chemical properties, is a 100 % recycled product with great potential as a replacement
for natural aggregates in road construction. In most works, using aggregates from steelmaking
production slag, it is reported that asphalt concrete mixtures with its use have higher porosity,
adhesion to the binder, due to the surface structure and chemical composition, favorable particle
shape.

High porosity of aggregates from steelmaking slag can increase water resistance in asphalt
mixes and improve slip and aquaplaning resistance, and adhesion to bitumen can solve the problem
of moisture penetration into underlying layers of pavement due to damage to the surface. These
properties contribute to improving the quality of asphalt mixes and coatings with their use, and the
level of road safety.

Studies also suggest that asphalt mixtures, including aggregates from steelmaking slags, can
also increase resistance to rutting and cracking. From an economic point of view, the use of
steelmaking slag, as a filler in road construction, can reduce the cost of mining and processing of
natural mineral materials.

The steel industry can also reduce the cost of slags intended for the processing and disposal
of a huge amount of slag reserves. While the lifespan of the roadway can be increased, maintenance
costs for the coating can also be reduced, thus providing additional funds for other development
projects. With regard to the impact on the preservation of the environment, the use of materials
from the slag of steel production can in different ways directly reduce both dependence on natural
aggregates and the number of projects for the extraction of raw materials.

On the other hand, the inclusion of steelmaking slag in road construction projects can reduce
the area used for waste disposal.

Despite the positive qualities of asphalt concrete with slag materials, a number of authors
have noted the negative effect of the porosity of slag rubble on the properties of asphalt concrete.
Selective diffusion of volatile bitumen fractions into mineral material leads to its aging in the
coating. This increases the stiffness of the asphalt concrete, reducing its deformation properties.
The increase in coating strength over time is regarded by researchers as a lack of asphalt concrete
with slag materials, which leads to the appearance of cracks on the coating in winter.

In order to increase the crack resistance of asphalt concrete coatings with slag materials in
winter, it is recommended to use less viscous bitumens, which, without reducing the strength of
asphalt concrete, will increase its deformation capacity and slow down aging processes.
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In the case of using new types of mineral materials in asphalt concrete, which differ
significantly in their properties from traditional ones, it is necessary to conduct a comprehensive,
comprehensive study of not only their physical properties, but also TEP during the service of the
road. Assessment of the status of asphalt concrete pavements made of asphalt concrete with slag
materials during the operation of the road will make it possible to justify the need for their use in
road pavements.

To study the features of the operation of roads with asphalt concrete pavements with slag
materials, as the main TEC, you should choose: the strength of the pavement, the flatness of the
coating and the coefficient of adhesion. As an indicator that reflects the transport and operational
condition of roads, adopted the speed of traffic flow.

Dynamics of changes in the strength of the pavement during operation

One of the main indicators of the transport and operational condition of the road and its
efficiency, is the strength of the pavement. The strength of the pavement is estimated by the factor
of safety (Cpc), which is defined as the ratio of the average actual modulus of elasticity of the road
structure during the billing period of the year (Ef) to the required modulus of elasticity (En) during
the existing traffic.

The strength of the pavement is considered sufficient if its actual modulus of elasticity (Ef),
determined as a result of field studies, exceeds the required by type of coating and driving
conditions (Yn), that is, for the value of the safety factor, there is a ratio:

K,,>K2% =0,95>0,_85 for roads of different categories, (1)
where xZ2'OP— the minimum acceptable value of the pavement safety factor.

The actual strength of the pavement varies over the entire period of operation of the road.
The nature of the development of deformations is significantly influenced by loads from the
movement of vehicles, weather and climate conditions, the stability of the water-thermal regime of
the roadbed, the strength properties of the used road-building materials, the quality of construction
and the level of operation.

At high positive temperatures and heavy intensive traffic, there is a risk of plastic
deformation, which is accompanied by a decrease in the thickness of the coating layer in some
places and its increase in adjacent areas. The appearance of such deformations is affected by the
color of the coating. Darker coatings due to radiation heating can have a temperature of 15-20 °C
higher than air temperature.

From this point of view, lighter coatings, for example, of asphalt concrete with slag
materials, heat up less, i.e., are less susceptible to shear forces.

A decrease in the strength of the road structure also occurs as a result of the occurrence of
cracks on asphalt concrete pavement, the appearance of which is characteristic mainly for the cold
season — in winter or at a negative temperature in the spring period. The process of changing the
elastic modulus of the pavement can be divided into three stages.

The first stage is the formation of the pavement after construction, reconstruction or major
repair, during which the roadbed and the structural layers of the pavement are consolidated, rigidity
and distribution capacity of the monolithic layers increases, the modulus of elasticity slightly
increases, followed by stabilization.

At the second stage, there is a gradual decrease in the strength of the pavement under the
influence of the movement of vehicles and weather and climatic factors, which is associated with
fatigue processes, grinding of mineral material and a decrease in the distribution capacity of the
structural layers. Significantly affect the reduction of strength factors such as: the appearance of
cracks and wear of the coating.
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This process continues until the condition (1) is fulfilled for the strength of the road
construction, after which the third stage of a sudden loss of strength occurs, which is characterized
by significant deformations on the floor and in the structural layers of the pavement.

During this period, due to the active interaction of the wheels of a car with an uneven
coating, the deformations that already exist and the appearance of new ones develop rapidly. In the
spring, the compaction of the subgrade soil and the sharp decrease in the strength of the road
structure occur.

A mathematical model to describe the process of reducing the values of the modulus of
elasticity of the pavement within its standard service life Ty. Theoretical dependencies were
obtained for calculating the values of the decrease in the elastic modulus Et during road operation.
One of these dependencies is as follows:

Ty +1

t
E,=a+b|lg % N,,—1], @)
q p—

where a — the parameter depends on the type of coating and the group of calculated load, MPa; b —parameter
that characterizes the effect of load repetition, MPa; ¢ — movement rate indicator; ¢ — year for which the
pavement strength is predicted; N,, — traffic intensity of settlement cars for the current year of operation of the
road structure, auto/day.

The evenness of the pavement is an important TEC, which determines the service time
between covers of non-rigid pavement coatings and characterizes the safety and comfort of driving
on the road. Evenness is determined by a complex of the same parameters as the strength of the
pavement and depends on its condition.

The deterioration of the road surface evenness has a significant effect on the speed of travel,
comfort of travel, fatigue of drivers and passengers due to harmful vibrations, leading to a decrease
in traffic safety and an increase in the cost of transportation.

To determine the dynamics of changes in the flatness of asphalt concrete pavements for the
purpose of planning repair work, Krasikov (2000) developed a mathematical model based on the
study of the influence on the dynamics of the process of changing the value of the primary flatness.
This mathematical model is represented by the following expression:

b
S, = So[l +cEL N.(r)*Emin }
, 3)

where S, S, — the value of evenness on the tolkommer after putting the road into operation and for the
predicted year t respectively, cm/km; N/(¢) — total traffic intensity, reduced to the design load, auto; FE;, —
minimum modulus of elasticity, MPa; a, b, ¢, d — empirical coefficients.

The mathematical model was used by him to predict the dynamics of flatness changes on
traditional asphalt concrete pavements and can be used to conduct comparative assessments with
asphalt concrete pavements with slag materials.

The value of the coefficient of adhesion affects the roughness of the coating, which,
respectively, the magnitudes and heights of irregularities are divided into macro- and micro-
roughness. The macro-roughness includes irregularities with a length of more than 2—3 mm and a
height of 0.2-0.3 mm, formed by the stone material used in the construction of asphalt concrete
pavements or during special surface treatment.

The microroughness is characterized by irregularities with a length of less than 2—3 mm and
a height of less than 0.2—0.3 mm and is determined by the intrinsic roughness of the material.
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The assessment of the surface roughness is carried out using the «sandy spot» method
according to DSTU 3587. This method determines the average depth of the roughness of the road
surface.

During the operation of the road, the values of micro and macro-roughness of the coating
gradually decrease, which leads to a decrease in the value of the coefficient of adhesion.

Analysis of previously conducted research has shown that the nature and intensity of
changes in micro and macro roughness depends on the following indicators:

— mechanical (rolling friction, sliding friction and shock load from the car wheel);

— climatic (temperature change, humidity);

— properties of the mineral material, which is part of the asphalt concrete (grain, porosity,
the degree of weathering of the rock);

— the amount of abrasive on the coating (dust, coating wear products).

The main reason for reducing the roughness (wear) of the coating are mechanical indicators,
depending on the intensity and composition of the traffic flow.

As a result of their impact, there is a constant exposure and grinding of large mineral grains
of asphalt concrete. A significant increase in the intensity of the movement of heavy trucks leads to
an acceleration of the process of grinding gravel grains.

The degree of reduction in the coefficient of adhesion, especially in the first year of
operation of the coating, is significantly influenced by the initial height of macroscopic
irregularities and the size of rubble. If gravels provide a sufficiently high macroroughness, then the
decrease in the coefficient of adhesion is small. When the protrusions of the macroroughness of the
pavement are worn, the shape of the protrusions of the mineral material changes, the gravel is
reoriented in space, and its upper part becomes rounded.

Grinding grains of gravel helps to reduce the value of the coefficient of adhesion, which
stabilizes, reaches its minimum value and then does not change, but is determined only by the
microroughness of the stone material.

Simultaneously with polishing, the reverse process occurs — weathering, which is especially
enhanced in the winter period. As a result of the complex of weather and climatic factors,
microcracks arise in the stone material, which gradually increase and lead to the destruction of its
surface layer. In this regard, on roads with low traffic, the surface of the coating for a long time
retains the necessary microroughness. With a significant traffic flow, the grinding process in
intensity is much higher than the weathering process.

Studies have shown that the greatest residual microroughness and, consequently, the highest
minimum value of the coefficient of adhesion, is characterized by asphalt concrete based on
different strength and heterogeneous materials.

As a result of long-term observations of traditional asphalt concrete pavements, a graphic
dependence of the dynamics of change in the friction coefficient on the micro and macro roughness
of the coating, which, in turn, depends on the intensity and composition of the traffic flow, has been
established. The general pattern of changes in the roughness of the coating is presented in the form:

R(t)=a-e'N,+c, 4)

where R(f) — averaged height of macro roughness, mm; N , — number of cars passing; a, b, ¢ — coefficients
depending on crushed stone size, coating hardness and traffic flow composition.

This graphical dependence can be used to compare the dynamics of changes in the value of
the coefficient of adhesion of asphalt concrete pavements made of asphalt concrete with slag and
traditional mineral materials.

In this chapter the system approach to the construction of mathematical models for the
definition of basic riding qualities highways changes with traditional and asphalt pavements
produced of slag materials is considered.
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Change of strength of a pavement due to various factors can be presented in the form of the
following mathematical model:

E(j)(t):fi(N,St ,maVaP), (5)

where N — is a traffic volume, vehicle/day; S, — composition of traffic flow; m — a set of the parametres
describing pavement design and strength properties of used materials; v — a set of the parametres describing
the influence of weather—climaticfactors; p — a set of the parametres describing the influence of measures on
construction and operational maintenance of road.

Accoding to the results of conducted researches, the change of an actual modulus of the
pavement’s strength at the stage of highway maintenance can be described as a three stages
process, and its dynamics can be presented as a graph in Fig. 1.

v
'

o]

Strength of a pavement, MPA

™Y

I /] 1
Owverhaul life

Fig. 1. Change of strength of a pavement during inter-repair period

The dynamics of evenness of an asphalt pavement, S(f) can be presented in the form of the
following mathematical model:

S(t)=f2(N,Stp,E,m,v,p), (6)
where £ — pavement modulus, MPa.

Regularity of change of evenness of asphalt pavements during inter-repair periods (z,,,) is
presented in the form of a graph in the Fig. 2.
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Fig. 2. Change of evenness of asphalt pavement during highway operation
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According to the research results, change of cohesion factor value of an asphalt pavement in
the course of a long-term maintenance after the construction or repair of a highway can be
presented in the form of the graph (see Fig. 3) and the following mathematical model:

k, =1, (Np, Stp, m, v, p), ™

where N, — total number of passed design vehicles during operation.

Fig. 4.
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Fig. 3. Change of cohesion factor value of asphalt pavement during highway operation

Change of cohesion factor value from standard values (k) to admissible (k,,,) ones, results
from the impact of mechanical and natural-climatic factors on a highway.

The process of cohesion factor value change during the period of winter slipperiness
formation and in terms of works on its liquidation can be presented in the form of the graph on
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Fig. 4. Change of cohesion factor value on asphalt pavement during the period of winter slipperiness

formation and its liquidation

As a result of slipperiness formation during the change of weather conditions (time span #, —
t;) cohesion factor value decreases below admissible value (ky,,.), with regard to traffic safety
requirements. When taking the anti-slipperiness measures (time span #;—t,), cohesion factor remains
below admissible value, and after «the effects» produced by de-icing materials — its value
increases, thereby improving riding qualities of a highway.

According to the statement of a problem, an interaction scheme of external and internal
parametres of the subsystem «Road—Car—Environment» was developed.

Internal parametres of the subsystem influencing the dynamivs of riding qualities change are
divided into two groups:
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—Inherent parametres of the subsystem to which refer road d(z) and A(¢) transport
parametres;
- Parametres affecting the environment to which refer weather-climatic v(r) factors.

As an external (initial) parameter of the subsystem ‘Road—Car—Environment’ the following
basic riding qualities of a highway can be mentioned: strength of road pavement, evenness of a
pavement, cohesion factor and a generalising parameter — traffic flow speed. For the problem
solution it is necessary to consider the dynamics of their change in time.

Thus, mathematical model for the description of changes of basic riding qualities in a long-
term gap in the subsystem ‘Road—Car—Environment’ looks like that:

y'_(t)= Fr_uc Wf_)a m}J» 3

where ) = {E » (). S(@). ke, (). V(t)} — Vector of external parameters of the subsystem; Frac — the law

of operation of the subsystem; v(z)= {v,(¢),v,(¢),v3(¢)}— vector of external environment impact (weather
and climatic parameters); 671) = {ml ,my, Ey, Sy, RO} — vector of parameters of their own subsystems (traffic
specification); 7y = {N(t), N, (). S, (t)} — vector of inherent parameters of the subsystems (road
parameters); ¢ — time.

As an external parameter of the subsystem «Environment — Road» the state the road surface
in winter is accepted. To solve the problem slippery condition of the pavement is considered, i. e.
presence of slipperiness as a glassy ice on its surface.

Thus, mathematical model for describing the state of the pavement for shor intervals of time
during winter in the subsystem «Environment — Road» is as follows:

V()=F v @.a0r] ©

where }77) = {Sp } — vector which components are the state of the road pavement in winter; F,  — the law the

subsystem operation; v'(z)= {T(z), v (2), Vz} — vector of environmental impact (weather parameters);
d'(t)= {ml,mz,,m5 (t),Tn(t)} — vector of inherent parameters of the subsystem (road parameters); ¢’ —
time during which winter slipperiness formation as a glassy ice is possible.

To assess the dynamics of elastic modulus change of road pavement with the surfacing of
asphalt concrete produced using traditional materials, mathematical models developed by Krasikov
(2000) were used.

For a relatively small deformations of road pavement, that is,during the first and the second
stages of road design work, its strength E(2) is described using the following mathematical model:

E,(t)=Ey{1—[a,, +b,(1gN.()+1g)]}, (10)

where E, — mathematical expectation of elasticity modulus during the first year of road pavement life after the
completion of its formation, MPa; a,, and b, — the parameters of the equation defined on the basis of
experimental studies; N.(f) — total traffic volume calculated to the design load of the group A, vehicles / day; ¢
— predicted period of service of the pavement, in years.

The study of dynamics of evenness of traditional asphalt pavemenst had been based on the
following mathematical model, also proposed by Krasikov (2000):

S, =S0[1+cEg]in Nc(z)aEI’;mJ, (11)
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where S, — the value of evenness according to impact measuring device after putting the road into operation,
cm/km; E,,;, — the minimum modulus of elasticity, MPa; a, b, ¢, d — parameters of the equation defined on the
basis of experimental studies.

It is possible to assess the change of riding qualities of the roads with the surfaces made
from slag and traditional asphalt materials during short time intervals (in winter) through the study
of the processes of various types of winter slipperiness formation on their surfaces.

Mathematical formulation of the problem contains the differential equation and single-
valuedness condition including thermal parameters and dimensions of the road structure, as well as
the boundary conditions and the initial temperature distribution. Temperature conditions of the road
structure on the surface under the influence of temperature, which changes periodically, for the
issue under consideration can be described as a monospaced heat conductivity equation:

ar(x,t) o[, or(x, t)}
el AP A ) Wil Ve e , 12
P ot Ox |: Ox na (12)

where T (x, t) — temperature inside the road structure and subgrade soil at the depth of x at time ¢, °C; g — heat
flow density in the structure, W/m®; ¢ — specific heat capacity, J/kg K; p — density of the material, kg/m®; / —
thermal conductivity, W/m K.

As road pavement is a multilayered system, equation (8) for the issue under consideration is
transformed into a system of differential equations:

C,-pl-—ﬁT:—a k,-—aT H,_<x<H
o Ox Oox
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On condition on the boundary of the phase transition in the soil of subgrade:

oT oT qub
Ap— Ar— =0,—, (14)
ox x=H, ox =H, P ot

where H,=H,(x,t) of the phase transition, m; Q — latent heat of ice melting, kJ/kg.

The rate of destruction of ice formation on the surfaces of pavements under the impact of
passing vehicles and the quality of cleaning depends on the force of adhesion (adhesion) of these
formations to the surface of the pavement.

Bond strength of ice and material of the surface (R,,) is defined as the difference of bending
strength of frozen and tested at a given temperature saturated (R,) and dried (R,,,) samples:

R, =R,— R, (15)
or
3 1
Rct; :E'W(RG_RWX)! (]6)
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where P,, P, — breaking load; / — distance between the supports; b — width of the sample; # — height of the
sample.

Determination of bonding strength of ice with asphalt pavement surface produced using
traditional materials and slag according to this method allows to determine the differences in winter
slipperiness formation on these types of pavements.

Evaluation of the strength of the pavement was carried out by determining the modulus
of elasticity in characteristic areas annually for five years of operation of the road. The modulus
of elasticity was defined as the elastic deflection of the pavement, obtained by the method of static
load wheel of the car. For testing, a loaded two-axle dump truck MAZ-503 A was used. To measure
the deflection, a PC-204 deflector was used with a deflection accuracy of £ 0.01 mm. Evaluation
of the strength of the pavement and processing of research results was carried out in accordance
with VBN B.2.3-218-186.

Processing the results of determining the elastic deflection was carried out on the basis
of mathematical statistics methods. The actual deflection of the pavement was determined for the
normative level of reliability Kn = 0.90. The modulus of elasticity at the site was determined by the
formula:

g, = 0300k (17)
d)fl llﬁ
where E;, — the modulus of elasticity of the road structure at the control point at a given time, MPa; O —
wheel load, xH; /;, — actual deflection at reliability K,,=0,90, cm.

If the field studies were conducted in the off-design period of the year, then in order to
obtain an objective characteristic of the state of the road pavement, a corresponding adjustment was
made. The actual modulus of elasticity, reduced to the estimated period of the year and estimated
temperature, was determined according to VBN B.2.3-218-186, respectively. The calculation was
carried out according to the formula:

1,5DK w
£, -k, 1 r[l_ dm] K i (18)
Kg H W,

where Kg — temperature coefficient equal to the ratio of the deflection at the calculated temperature of the
coating to the deflection at a temperature corresponding to the test period; D — calculated wheel print diameter,
33 em; K — the empirical coefficient, depending on the type of subgrade soil at the test point, is assumed
K;=2,15 — for loam, silty dust loam; Hx — pavement thickness, cm; W, W, — measured and calculated relative
humidity of the roadbed during the test period; K, u K,,, — empirical coefficients.

Analysis of the obtained results shows that the values of the elastic moduli in 2013-2018
exceed the required one, which is assumed to be equal to 243 MPa. The minimum value of the
modulus of elasticity, equal to 226 MPa, on which the tests were carried out almost immediately
after the completion of work on laying the top layer of the coating of asphalt concrete with slag
materials.

It should be noted that the entire cycle of construction work on this section was carried out
from August to October, at the time when in other sections the embankment of the roadbed was
poured in 2015, that is, it had a year of exposure before the pavement device. One year after
operation, the values of the elastic moduli in the sections were leveled and had approximately the
same values in both areas.
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When monitoring the strength of the pavement during the operation period, an increase in
the strength of the road structure was noted. This feature can be explained by the processes of
hydration that occur in the layers of the slag base, which lead to their monolithic, and thereby
hardening of these layers. On the basis of the conducted studies, it is possible to predict a further
increase in structural strength, which will ensure reliable operation of the pavement under the
influence of increasing transport loads.
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Recommendations:

1. Overhaul life for the highways with asphalt pavements produced of slag materials should
be of the same duration as for the roads with asphalt pavements produced of traditional materials
but taking into consideration intensity of traffic flow, type of pavement, safety factor and road-
climatic zone.

2. Service life of asphalt pavement produced of slag materials should be evaluated by the
degree of surface pavement wear and reduction of the modulus of elasticity of the pavement by
more than 25 % of the values obtained on the basis of diagnostic tests.

3. For the repair of asphalt pavements produced of slag materials it is recommended to use
the most efficient and cost-effective technologies based on the principles of regeneration.

4. The main defect of asphalt pavement with slag materials are cracks. At its operational
maintenance it is necessary to fill the cracks with mastic or viscous bitumen during the transition
from summer to winter operational period.

Conclusions:

1. The fulfilled study aimed at determining the most important factors that affect the
change of riding qualities of asphalt pavements with slag materials proved that for the assessment
of changes in the strength, evenness and cohesion factor of the pavement overhaul life can be
adopted, and to assess the road conditions in winter — the time interval, corresponding to the
formation of winter slipperiness can be used.

2. Experimental research has confirmed that the possibility of winter slipperiness formation
as a glassy ice on the asphalt pavement with slag materials due to higher thermal inertia — is by
15 % lower than on the asphalt pavements produced of traditional materials, and the value
of bonding strength with ice is almost 2 times lower than it is for the surface pavements produced
of traditional materials.

3. For the first time it was theoretically substantiated and experimentally confirmed that the
riding qualities, namely, strength, modulus of elasticity estimated for 5 years of operation for
coarse and fine—grained asphalt from slag materials increased by 55 % compared with the initial
ones; evenness increased by 10 %, cohesion factor remained virtually unchanged for the coarse-
grained asphalt (initial value was 0.57, and after 5 years of operation -0.53) and it increased for
fine-grained asphalt concrete (respectively 0.37 and 0.46).
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OCOBJIMBOCTI B3AEMO/Ii OPTAHIYHOI'O B'SI)KYUOT'O
TA IINTAKOBOI'O HAITOBHIOBAYA
VY craTTi mpHBelneHi pe3yNbTaTH AOCTI/DKEHb B3a€EMOJIl OPraHidYHMX B'SHKYYMX 3 IIUIAKOBUMH
MaTepiasamMu B ac(hanibTOOCTOHHUX CcyMimiax. BusHadeHo, 1m0 mutakoBuid 11eOiHb, 0OpOOJICHHN B'SHKYydUM,
sBJIsIE cOOO0I0 BHCOKOSIKICHMH Matepiaj, SKHi LIMPOKO 3aCTOCOBYIOTH JUIsi OyIiBHUITBA TOKPHUTTIB 1 OCHOB.
O06po0dka mebeHro B'sHKydrM 3abe3nedye Horo IMoBHE 0OBOTAaKyBaHHS IUTIBKOIO 3aBAAHOI TOBIIMHH. TOBIIKMHA
IUTIBKH TIOB'SI3aHa SIK 3 B'SI3KICTIO B'SODKYYOrO, TaK i 3 BIACTHBOCTSAMH HUIAKOBOro InedeHro. Yum Oinbmre
B'SI3KiCTh BSDKY4YEro, THM TOHBIIIE IUTIBKA Ha 3epHax. [3 3MEHIIEHHSIM pO3Mipy 3€peH 3MEHIIYETHCS | TOBLIMHA
IUTiBKH, 13 30UIBIIEHHSM MIOPCTKOCTI 3€pEH TOBIIMHA IUTIBKU B'SKYYOTO 30UTBINYEThCs. [IpH yIIiIbHEHHI 32
paxyHOK HaOJIMKCHHS 3epEeH, BKPUTHX B'SHKYYHM, YTBOPIOIOTHCS KOArYJUSILIiHI 3B'I3KH, SKi MAlOTh JOCTaTHIO
MILIHICTh i BUCOKY BOJAOCTIHKiCTb. [IOpiBHSHO 3 clIOCOOOM MPOCOYYBaHHS i 3MilllyBaHHS Ha 10po3i 1eif crocio
JIa€ CKOHOMIIO B'SDKYJOTO.
KirouoBi cioBa: opraniuHe B’sDKyde, LITaKOBHI Matepian, acdanbToOeToH, (i3uMKo-MeXaHidHi
XapaKTePHCTUKH.
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OCOBEHHOCTH B3AMMO/JIEMCTBUS OPTAHUUYECKOI'O BSDKYIIETO
N IIJTAKOBOT'O HAITIOJIHUTEJIA
B crathe mpuBeneHBl pe3yNbTAaTHl HCCIENOBAHMH B3aWMOACHCTBHS OPraHMYECKUX BSDKYIIHX CO
[TAKOBEIMM MaTepHajlaMH B  ac(albTOOETOHHBIX cMecsx. OnpeneneHo, YTO IUIAKOBBIH IeOCHB,
00pabOTaHHBIA BSDKYIINM, MpEACTaBIseT COOOH BBICOKOKAYEeCTBEHHBIH MarepHal, KOTOPBIH MIMPOKO
MPUMEHSIOT JJISI CTPOUTEIILCTBA MOKPBITHA U OCHOBaHWH. OOpaboTKa 1IeOHS BSIKYIIMM OOCCIICYHBACT €ro
HOJIHOE 00BOJAaKMBAHHUE IUICHKOH 3a1aHHOM TOMIMHBL. TOJIMHA IUICHKH B3aHMOCBS3aHA KAaK C BSI3KOCTBIO
BSDKYILIETO, TaK U CO CBOIMCTBAMM IIUIAKOBOTO 1eOHA. UeM 0oJIblie BA3KOCTh BSDKYIIEro, TEM TOHbLIE IICHKA
Ha 3epHax. C yMeHbLIEHHEM pa3Mepa 3¢peH YMEHbIIAeTCs W TONIIMHA IUICHKH, C YBEIHYCHHEM
[IepOXOBaTOCTH 3€peH TOJIIMHA IUICHKH BsDKYIIETo Bo3pacTaeT. [Ipy yIIoTHeHHH 3a cueT CONMMKEHHMS 3epeH,
TIOKPBITEIX BSDKYIIVM, OOpa3yroTCsl KOaryJSIIMOHHBIE CBSI3H, OOJajafolipe JOCTAaTOYHOW IIPOYHOCTBIO H
BBICOKOH BOJIOCTOMKOCTBIO. [10 cpaBHEHHIO CO CHOCOOOM IPOIKUTKY U CMELIEHHs Ha J0pPOre 3TOT CHOCO0 Jaer
9KOHOMHIO BSDKYILETO.
KuroueBbie ci1oBa: opraHmyeckoe BsDKyIIee, NUIAKOBBI MaTepual, acgaibTOOETOH, (H3HKO-
MEXaHHYCCKUE XapaKTCPUCTUKH.

ABSTRACT
Kateryna Krayushkina', Andriy Belyatynsky’, Tetiana Khymeryk’
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’National Aviation University, ekrayushkinal5@ukr.net
FEATURES OF INTERACTION OF ORGANIC BINDER AND SLAG FILLER

The article presents the results of studies of the interaction of organic binders with slag materials
in asphalt concrete mixtures. It is determined that slag crushed stone treated with a binder is a high-quality
material that is widely used for the construction of coatings and bases. The processing of crushed stone with a
binder ensures that it is completely covered with a film of a given thickness. The thickness of the film is
interrelated with both the viscosity of the binder and the properties of slag rubble. The greater the viscosity of
the binder, the thinner the film on the grains. With a decrease in the grain size, the film thickness also
decreases, with an increase in the grain roughness, the thickness of the binder film increases. During
compaction, coagulation bonds are formed due to the convergence of the grains coated with the binder, which
have sufficient strength and high water resistance. Compared with the method of impregnation
and displacement on the road, this method saves the binder.

Key words: organic binder, slag material, asphalt concrete, physical and mechanical characteristics.
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