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Abstract. Machines and equipment for asphalt pavement milling are
widely used throughout the world. With the growth of road construction,
the demand for this class of machinery also rises. At the same time, the
optimization of design and technological parameters of the milling
machines is impossible without a comprehensive study of processes of
milling asphalt concrete with the working elements of a cutter. The article
provides a brief overview of different approaches to find out the loads on
the working bodies of various machines, as well as indicates the
advantages and disadvantages of these approaches. We describe the design
of a pendulum stand used to study the processes of milling asphalt concrete
with a single tooth cutter. We also describe the method of operation of
such a stand. The design of the pendulum stand allows us to determine the
cutting work, the average, and the instantaneous cutting forces. The work
also provides the result of tests of cutting elements during their interaction
with samples of asphalt concrete of different grades that are widely used in
road construction. We also show the non-linear dependence of cutting
resistance forces on the temperature and thickness of penetration of a
cutting element. It is noted that working with a slight tooth penetration
leads to low energy efficiency of the work process. It is also noted that
temperature affects cutting resistance forces significantly less in asphalt
concrete containing high amount of gravel.

1. Introduction

Rotary hoes and equipment for asphalt concrete regeneration are widely used around the
world. While the operational durability of asphalt concrete increases, the more powerful
machinery and equipment is produced, the milling speed and performance also increase.
Rotary hoes is a large class of equipment with different performance, functionality,
drive type, and underlying hardware. The design of such machines should be based on
reliable data on the working process of interaction of a cutting tooth with the material, as
well as the correct mathematical description of the cutter's operation, given the complex set
of trajectories of a cutting tooth, geometric parameters of a drum, the impact of the amount
of cutter teeth and their placement on the drum. The second part of the equipment design
task is studied well enough at this moment. A large number of works dedicated to
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calculation of geometric, force and energy parameters of milling equipment allows us to
calculate the cutters for various materials with known values of cutting forces [1, 2, 3]

The issue of determining the forces themselves is studied not that well. The cutting
forces value is affected by a large number of parameters: geometric shape and position of
the cutting element; the chip thickness of the material; the presence, durability, and the
amount of stone fractions; the temperature of asphalt concrete. All this determines the
cutting force as a complex function, the arguments of which are all the parameters
mentioned above. The errors that occur due to wrong prediction of cutting forces will
definitely lead to loss of productivity, incorrect choice of the power unit, incorrect
justification of the strength of equipment elements and, possibly, failure of the entire
machine. Let us try to understand this issue based on previous studies.

According to the classification presented in [4, 5], asphalt concrete is a complex
dispersed and filled composite material with a matrix made from a mixture of bitumen and
modifiers, and, in some cases, with sand, while filled with stone fraction. Structure
formation of asphalt concrete begins in a mixing chamber of an asphalt mixer and continues
in the long operation process under the loads of wheeled vehicles and environmental factors
[6,7]. All of this constantly changes durability of asphalt concrete and affects the cutting
resistance.

There are several groups of works dedicated to the issue of determining forces of cutting
resistance of road construction materials, which can arbitrarily be divided into three groups.

The core of the first group consists of the works based on analytical study of the process
by analyzing rheological models [8], on the analysis of limit equilibrium of an adhesive
granular medium theory [9], as well as using parts of the similarity law [10].

The use of these methods, relating to determining asphalt cutting resistance forces, has
not found wide application due to complexity of mathematical models and the need to
determine other values, such as adhesion, modulus of elasticity, viscosity, the method of
determination and forecast accuracy of which is difficult to judge. Given that any object
modeling, including mathematical modeling, supposes the existence of an error in the
calculation results, the use of values as parts of these modules determined with limited
precision will eventually lead to an unacceptable error in the final results.

Therefore, the practical value is in the works based on experimental studies. The works
of A. N. Zelenin [11] show the estimation of resistance forces of the material to cutting
with simple punches for soils of different durability. Based on these studies, the empirical
equations to determine the forces of cutting resistance of this group of materials are created.
To determine the cutting resistance of solid rocks, the work [12] employs experimental
methods. These works were developed in the form of real machinery and equipment and
formed the basis for further works with great practical importance [13, 14].

In relation to the study of the process of destruction of asphalt concrete, there are some
studies with high practical significance formed by works based on experimental
determination of parameters of a working process. In particular, the works [15. 16] provide
the results of determining the specific values to determine the forces of cutting resistance of
asphalt concrete by cutting elements of disc cutters. It is difficult to overestimate these
works of V. F. Kulepov. They are of great practical importance and can be a good basis for
the development of milling equipment. The drawback of these works lies in new types of
asphalt concrete and significantly higher material cutting speeds of modern machinery. The
design of cutting elements has also changed.

[17] provides the calculated dependencies that allow us to determine the loads on a
cutting element. However, the aforementioned data allow us to estimate the impact of speed
on cutting force at cutting speeds up to 0.9 m/s; however, the existing milling machines
have long been working at cutting speeds up to 3...4 m/s. Additionally, it is unclear under
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what conditions (what types of asphalt concrete and cutting elements) these data were
obtained.

2. Problem statement

The drawbacks of the works mentioned require the specification of the basic parameters of
a working process of asphalt milling, which, in turn, requires additional experimental
studies.

Making an adequate estimation of asphalt concrete milling process is possible only if
the asphalt concrete cutting process with a single cutting tooth is studied in detail. Thus, it
is important to draw up and experiment with real samples of asphalt concrete that is widely
used in road construction, all the while using real cutting elements at cutting speeds and
chip thickness comparable to the parameters of milling machines widely used in road
construction.

3. Study methods

The most complete experiment with the aforementioned restrictions is possible with a
pendulum stand (Fig. 1). The stand is a built-up structure consisting of a pendulum 1, on
which a cutting element 2 is mounted via a hinged platform 5. The material sample 3 is
fixed to a separate rigid frame. The forces appearing during the cutting process are
transferred through the platform 5 to the level 6 and, consequently, are received by a force
sensor 7 through the gear gate.

The pendulum is deflected through the elevation angle 1 and is dropped with a special
coupling device. The cutting element does the work of cutting forces at the bottom point,
while the energy remaining after the impact allows the pendulum to keep moving deflecting
through the deviation angle 2. Naturally, the deflection angle will correspond to a specific
value of residual energy after the impact. According to the energy conservation law and
ignoring friction forces at the support of the pendulum and other minor resistances, we can
formulate the following dependency:

A=m-g-(hy—hy) 1)
where h1l is the lifting height, m;
h2 is the deflection height after impact, m;
m is the reduced pendulum mass, kg;
g = 9.81 m/s2 is the gravity acceleration.

The heights hl u h2 are determined with the elevation and deviation angles 1 and 2.
Based on these expressions, we can convert the equation (1) to:

A =m-g-L- (cos a, — cos o) (2)
where L is the pendulum length, m.

We need to determine the given mass of the pendulum m to move from a physical to a
mathematical pendulum, assuming that the mass is concentrated at the cutting point. For
this purpose, the following dependency is used

m=T-M/ (4-7*L?) 3)
where T is the pendulum period, s;
M is the first moment of the pendulum, kg-m;

The parameters T and M are measurable in this stand.

After determining the work of cutting forces A we can determine the values of their
average cutting force Fy:

Fo=Al/lb 4)
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By determining the work of cutting resistance forces and average cutting forces, we can
prove the energy parameters of the process, determine the drive power required for the
given rotor design. However, the details of the cutting drum and the cutting elements during
the work inevitably suffer the shock loads. Wrong assessment of dynamic effects will
inevitably lead to a loss of durability, and considering that the vast majority of rotors is a
welded structure, the impact of fatigue destruction on welded joints can lead to a costly
failure of the rotor in a small timeframe.

b |73

Fig. 1. A pendulum to study the working process of asphalt concrete
destruction by working elements of milling machines.

To determine the instantaneous cutting resistance forces, the pendulum is additionally
equipped with a force sensor installed at the top of the pendulum. The value of cutting
resistance forces is recorded to a computer via an analog-to-digital converter (Fig. 2).

We chose granular asphalts for testing, which are widely used in construction. The
asphalt grades SMA-20 [18], B-2, B-3, and MZP-2 [19] were used. The aforementioned
asphalts contain crushed granite graded M1200 [20] and bitumen BND 60/90 [21] with the
additives of dolomite powder or the modifiers.

The tests were conducted at initial cutting speeds of 4 m/s with variable chip thickness.
The asphalt temperature was changed by using the temperature control system in a
refrigerated chamber and in an oven for two hours. The method of planning [22] was used
for each set of samples. We chose symmetrical two-factor experiment plans and obtained
the response value in the extreme and middle points.

4. Results

The results of the tests are shown in the following graphs (Fig. 3). Statistical processing of
the results was performed by fitting the coefficients to the following regression equation:

F = ap-Ah™.t* (5)

where F is the cutting resistance force, N;
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Ah is the chip thickness, mm;
t is the asphalt temperature, °C;
ao, 4, 8, are the beta coefficients.
The regression equations received are presented in Table 1.

Fig. 2. Pendulum stand

Table 1. The regression dependencies of cutting forces on the chip thickness and
temperature for different grades of asphalt concrete

Asphalt concrete grade Regression equation Confidence factor R?
B2 F = 1971-AR045.4 044 0.804
V3 F = 43382.An0672.417% 0.865
MZP-2 F = 4438.Ah0#24.404%0 0.810
SMA-20 F = 900.4-Ah%*.t%7 0.758
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a —the B2 grade asphalt, b —the V3 grade asphalt, ¢ —the MZP-2 grade asphalt.

Fig. 3. The results of the studies of cutting resistance forces for different grades
of asphalt depending on the chip thickness and temperature.
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High degree of the confidence factors provides a satisfactory correlation and the
possible use of the results in the mathematical modeling of the working process of milling
asphalt.

5. Conclusions

Based on the experimental work performed, we can reasonably state the following:
1. The function of the cutting resistance force, depending on the chip thickness, is non-
linear.
2. With a relatively small chip thickness, the power consumption of the process is quite
high, considering the sharp increase of the cutting resistance forces. The greatest efficiency
of the cutting tools is achieved when the chip thickness is above three millimeters.
3. The temperature of asphalt concrete has a large impact on the cutting resistance,
especially for asphalts with high content of bitumen.
4. The asphalts with high content of gravel, the temperature has a significantly smaller
impact; however, the values of cutting resistance forces are quite high themselves. This fact
makes the process of hot milling ineffective.
5. The energy consumption of the asphalt cutting process greatly depends on the amount of
stone fraction in it and the temperature.

The obtained dependencies allow us to draw up a mathematical model of the process of
asphalt cutting with milling working bodies of road construction machines, to justify, and
to optimize their parameters.
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