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Abstract. The article discusses the methodology and results of research into the stress-strain state of asphalt concrete layers of flexible road pavements with the aim of assessing their shear strength. The analysis of the influence of traffic loads, temperature fluctuations, and structural features of the road surface on the formation of critical stress concentration zones has been carried out. Mathematical modeling methods and experimental testing of asphalt concrete samples were used, which made it possible to determine the patterns of plastic deformation development and the conditions for the occurrence of shear failures. A refined approach to calculating shear strength in road pavement layers is proposed, which takes into account the rheological properties of asphalt concrete and the interaction between individual structural layers. In accordance with the basic principles of the accepted theory of strength of asphalt concrete pavement layers (for shear resistance), a special method for testing asphalt concrete structural layers was developed to obtain the necessary initial data and verify the accepted theoretical and computational hypotheses. A special test bench was designed to ensure the conditions for the study. The results of the study can be used in the design and reinforcement of road structures to increase their durability and operational reliability.
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INTRODUCTION
Changes in the intensity and composition of traffic flow on Ukrainian roads have led to a significant increase in loads on road pavement structures. Under such conditions, the operation of asphalt concrete pavement during the warm season, usually at temperatures of +30 ºC and above, leads to the accumulation of plastic deformations – the formation of ruts, bulges, and protrusions, i.e., shear deformations [1, 2]. Such defects negatively affect the movement of vehicles, reduce traffic flow and, as a result, worsen the consumer properties of the road.
Today, the shear stability of asphalt concrete layers in flexible pavement structures is achieved mainly through the use of experimentally selected asphalt concrete mixtures that are less prone to rutting under load.
Existing methods for calculating monolithic layers of flexible road pavements are based on strength theories that take into account the brittle state of the material and the tear failure characteristic of asphalt concrete at low temperatures [3, 4]. This approach is enshrined in current regulatory documents [5]. However, it does not reflect the real conditions of asphalt concrete pavement failure, since the material exhibits plastic properties at high temperatures. For plastic materials, shear (sliding) is more typical rather than failure by tearing. The analysis of existing strength theories used to calculate asphalt concrete layers of flexible road pavements, as well as consideration of new approaches based on the kinetic theory of destruction, makes it possible to justify the use of strength criteria that most fully take into account the peculiarities of asphalt concrete as a composite, thermoplastic, and structurally heterogeneous material under load.
[bookmark: _GoBack]Given the specifics of the deformation of asphalt concrete layers under load, the Pisarenko-Lebedev criterion (the second) [6] has been determined to be the most acceptable for shear strength calculations. The criterion proposed by Pisarenko-Lebedev is based on the energy theory of strength and takes into account the difference in the resistance of asphalt concrete under compression and tension, the orientation of the stress deviator, and the structural heterogeneity of the material. It describes the process of deformation of structurally heterogeneous materials from brittle to plastic failure. The application of this criterion makes it possible to determine the shear strength of asphalt concrete layers of non-rigid road pavements and to develop measures to improve their designs. The theoretical basis for the design of flexible road pavements is based on numerous studies of their stress-strain state [6, 7]. It has been established that modern calculation methods in Ukraine are based on limit state criteria and classical strength theories. At the same time, most approaches are based on the theory of elasticity, which partially allows for the thermoplastic and rheological properties of materials to be taken into account. Considerable attention is also paid to assessing the reliability of road structures and determining the reliability coefficient.
Foreign calculation methods are mostly based on the bearing capacity (CBR) of pavement layers and subgrade materials, as well as on the results of large-scale road structure tests in the US under the AASHO [8, 9] program. At the same time, these methods have significant limitations, as they do not sufficiently take into account the variability of external conditions and material properties, and their basis is mainly empirical.
In Ukrainian standards [5, 10], road pavements are designed according to three limit state criteria. The current methodology for monolithic pavements is based on the third limit state (calculation of permissible tensile stresses – crack resistance) and on the first or second strength theory, which corresponds to the brittle state of the material. However, at temperatures above +30 °C, asphalt concrete transitions to a viscoelastic-plastic state, which is not taken into account by the above approaches.
Since asphalt concrete layers have thermoplastic properties, their deformation and strength characteristics depend significantly on composition and temperature. Therefore, the use of strength criteria developed for the brittle state is not suitable for describing the viscoelastic-plastic regime. Modern research is actively developing methods for assessing the shear strength of pavements, in particular through rutting tests. However, most existing methods are predominantly empirical, are rather arbitrary, and do not take into account the stress-strain state of road structures. Thus, in the existing approaches, the final result of determining shear resistance is not the calculation of strength according to strength criteria, but the selection of a material with increased shear resistance. Experimental studies of asphalt concrete layers are carried out primarily to obtain the initial parameters necessary for calculating their shear strength.
The theoretical basis for calculating flexible road pavements is based on studies of their stress-strain state and the limit state criteria established in regulatory documents. Most methods are based on elasticity theory, which only partially takes into account the thermoplastic and rheological properties of materials. Foreign approaches focused on the bearing capacity index (CBR) and the results of the AASHO [8, 9] program have significant limitations due to their empirical nature and low adaptability to changing conditions.
In Ukraine, calculations of monolithic layers are performed according to the third limit state and classical strength criteria for brittle materials. However, asphalt concrete at high temperatures transitions to a viscoelastic-plastic state, which is not taken into account by traditional methods. This determines the relevance of developing calculations for shear resistance, which are currently mostly empirical in nature and boil down to the selection of shear-resistant materials rather than determining strength according to theoretical criteria.
The article presents the results of experimental studies on the influence of the thermoplastic properties of asphalt concrete layers of flexible road pavements on their strength and elastic characteristics. A special test bench was designed to ensure the conditions for the study. The tests were conducted at temperatures (+20 °C; +50 °C) for different load modes – short-term and long-term – and the tensile and compressive strength was determined. Based on the results of the study, the long-term strength of asphalt concrete in a viscoelastic state was established on the test bench.
EXPERIMENTAL STUDY OF THE INFLUENCE OF THE THERMOPLASTIC PROPERTIES OF ASPHALT CONCRETE LAYERS OF FLEXIBLE ROAD PAVEMENTS ON THEIR STRENGTH AND ELASTIC CHARACTERISTICS
At operating temperatures during the warm season, asphalt concrete layers transition to a viscoelastic-plastic state, and their destruction occurs according to mechanisms characteristic of plastic materials. The study examines the behavior of the material at the stage of elastic-viscoelastic deformation. Both standard asphalt concrete testing methods and special methods and devices, described below, were used to conduct the experiments. At the elastic-viscous stage, no structural disturbances or plastic shifts occur in the structure that could lead to destruction.  According to the theory of deformed solids, the yield point divides the graphs of stress-strain relationships (under tension or compression) into two zones: elastic-viscous and plastic (yield) [11–14]. The ultimate strength of asphalt concrete layers of non-rigid road pavements is taken to be the yield strength of the material at a design temperature of +50 °C. It has been experimentally established [7, 70] that deformations develop over time both during loading and unloading. Several methods have been proposed to determine the yield point on the stress-strain curve [11, 15–17]. According to the methods, the yield point is determined at the point on the curve where the angle of the tangent is 50% of the initial angle of inclination.
According to normative data [10], the duration of static loading is 600 s, and dynamic loading is about 0,1 s, while the actual duration of exposure from different types of vehicles varies between 0,08 and 0,4 s. Therefore, deformation studies must be performed over a fairly wide time range. To obtain the dependencies of deformations under compression and tension for different load durations, it is necessary to construct a family of creep curves for different stress levels. In the case of long-term (static) loading by a car wheel, it is important to determine the long-term strength of asphalt concrete, i.e., the stress value at which deformations stabilize, do not increase over time, and gradually recover when the load is removed. During research at each load level, it is necessary to record the development of deformations over time, both under compression and tension.
A special test bench for testing asphalt concrete samples must meet the following requirements:
· the load is applied instantly, but without impact, simulating a car wheel running over the pavement;
· unloading also occurs instantly;
· the applied load must remain constant;
· accurate recording of sample deformation values is required;
· tests are carried out at a constant temperature.
For this purpose, a special test bench was designed and manufactured at the Department of Road Design, Geodesy, and Land Management. Its design is in the form of a lever press, which ensures rapid loading and unloading, as well as the ability to maintain a constant load for a long time. Deformations were measured by electronic sensors in discrete mode at a frequency of 4 – 8 measurements per second. The results were recorded and an experimental database was created on a personal computer using specially developed software, Figures 1.
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FIGURES 1. General view of the special test bench
1– temperature controller; 2 – thermostatic chamber; 3 – adjusting screw; 4 – lever arm;
5 – loading-unloading device (eccentric); 6 – load; 7– electronic sensors
Before conducting the main experiments, trial tests were carried out to determine and justify the optimal number of measurements. As a result, the minimum number of deformation recordings was established, which ensured the necessary accuracy of the study.
To determine the yield strength corresponding to the ultimate stress in compression and tension, a series of tests were carried out on a lever press with the construction of creep curves at different stress levels. Loads were applied in increments of 0,05 MPa (0,5 kg/cm²) up to values of 0,7–0,8 MPa. Taking into account the duration of the load from vehicle wheels, creep tests were performed at each load level for no more than 60 seconds. The Johnson method [71] was used to numerically determine the yield point. According to this method, based on experimental data on the development of deformations over time at a constant stress level, sections were constructed (0,25 s; 0,5 s; 0,75 s; 1 s; 2 s; 10 s), on the basis of which experimental curves were formed. The yield point was determined at the point on the curve where the tangent angle was 50% of the initial angle of inclination. The decoded test results in the form of tables for asphalt concrete types G and V are given in Tables 1 – 4. For each load level, the average deformation values obtained from three measurements are given.

Tables 1. Deformation values for different load levels and duration of action for asphalt concrete (type G) at a temperature of +50 °C
	Load,
MPa
	Deformations (mm) / load duration (s)

	
	0.25 
	0.50 
	0.75 
	1.0 
	2.0 
	10.0 

	0.10
	0.01625
	0.0175
	0.02125
	0.02225
	0.02225
	0.02500

	0.15
	0.02500
	0.02500
	0.03125
	0.0325
	0.03500
	0.03750

	0.20
	0.03375
	0.03375
	0.04125
	0.04384
	0.04625
	0.0500

	0.30
	0.05500
	0.06000
	0.06125
	0.06500
	0.07500
	0.07570

	0.35
	0.06500
	0.07250
	0.07750
	0.0800
	0.09250
	0.09500

	0.40
	0.08250
	0.08750
	0.09875
	0.10375
	0.11125
	0.12500

	0.50
	0.112500
	0.12000
	0.14500
	0.15500
	0.15630
	0.20000

	0.60
	0.14880
	0.1500
	0.2000
	0.2250
	0.2275
	0.2500

	0.70
	0.1950
	0.2000
	0.2463
	0.2870
	0.3370
	-

	0.80
	0.2470
	0.2471
	-
	-
	-
	-



Tables 2. Dependence of deformation on load for different times of the stress-strain state of asphalt concrete (type G) at a temperature of + 50 ºC
	Hour of 
stress-strain
 state, (s)
	
Relative deformation at load level  (MPa)

	
	0.1
	0.15
	0.2
	0.3
	0.35
	0.4
	0.5
	0.6
	0.7
	0.8

	0.25
	0.0325
	0.05
	0.0675
	0.11
	0.13
	0.165
	0.225
	0.297
	0.39
	0.49

	0.5
	0.035
	0.05
	0.0675
	0.12
	0.145
	0.175
	0.24
	0.30
	0.40
	0.49

	0.75
	0.0425
	0.0625
	0.0825
	0.123
	0.155
	0.1975
	0.29
	0.40
	0.493
	-

	1.0
	0.045
	0.065
	0.0875
	0.13
	0.16
	0.2075
	0.31
	0.45
	0.575
	-

	2,0
	0.045
	0.07
	0.0925
	0.15
	0.185
	0.2225
	0.3125
	0.455
	0.675
	-

	10.0
	0.05
	0.075
	0.10
	0.155
	0.19
	0.25
	0.40
	0.50
	-
	-



Tables 3. Deformation values fordifferent load levels and duration of action for asphalt concrete (type V) at a temperature of +50 °C
	Load,
MPa
	Deformations (mm) / load duration (s)

	
	0.25 
	0.50 
	0.75 
	1.0 
	2.0 
	10.0 

	0.10
	0.0230
	0.0248
	0.0302
	0.0316
	0.0316
	0.0354

	0.15
	0.0354
	0.0354
	0.0444
	0.0461
	0.0496
	0.05310

	0.20
	0.0467
	0.0478
	0.0585
	0.0621
	0.0657
	0.071

	0.30
	0.0779
	0.0850
	0.0869
	0.0921
	0.1063
	0.1066

	0.35
	0.092
	0.1027
	0.1098
	0.1134
	0.1318
	0.1346

	0.40
	0.1169
	0.1240
	0.1452
	0.1471
	0.1577
	0.1771

	0.50
	0.1594
	0.1700
	0.2055
	0.2196
	0.2215
	0.2834

	0.60
	0.2108
	0.2205
	0.2834
	0.3188
	0.3224
	0.3543

	0.70
	0.2763
	0.2834
	0.349
	0.4067
	0.4776
	-

	0.80
	0.3500
	0.3502
	-
	-
	-
	-



Tables 4. Dependence of deformation on load for different times of the stress-strain state of asphalt concrete (type V) at a temperature of + 50 ºC
	Hour of
stress-strain
 state, (s)
	
Relative deformation at load level  (MPa)

	
	0.1 
	0.15
	0.2
	0.3
	0.35
	0.4
	0.5
	0.6
	0.7
	0.8

	0.25
	0.032
	0.0496
	0.0654
	0.109
	0.129
	0.1637
	0.2234
	0.295
	0.387
	0.49

	0.5
	0.038
	0.0495
	0.0669
	0.119
	0.144
	0.173
	0.238
	0.310
	0.397
	0.49

	0.75
	0.042
	0.0616
	0.0819
	0.121
	0.154
	0.203
	0.289
	0.397
	0.489
	-

	1.0
	0.044
	0.0646
	0.0870
	0.129
	0.159
	0.206
	0.308
	0.446
	0.570
	-

	2.0
	0.044
	0.0695
	0.0920
	0.149
	0.185
	0.222
	0.310
	0.452
	0.669
	-

	10.0
	0.049
	0.0744
	0.0994
	0.150
	0.248
	0.248
	0.400
	0.500
	-
	-



Mathematical processing of the dependence on the load duration showed that the data given with a reliability of 0,994 were described by an exponential dependence, therefore, these are not random data, but regular ones. The experimental studies of the physical and mechanical properties of asphalt concrete layers are presented, the experimental value of the strength limit for elastic-viscous deformation of the material and the method for its determination are given. The analysis shows that for each type of asphalt concrete that will be or is already used in construction, it is necessary to determine the strength characteristics by testing and establish the values of the design characteristics of asphalt concrete for specific conditions. 
RESULTS: DISCUSSION
The following tasks were solved: experimental study of the influence of the thermoplastic properties of asphalt concrete layers of flexible road pavements on their strength and elastic characteristics; mathematical modeling of the stress-strain state of asphalt concrete layers of non-rigid road pavements, taking into account the thermoplastic properties of the layer material. In accordance with the basic principles of the accepted theory of strength of asphalt concrete layers of pavement (for shear resistance), a special method for testing asphalt concrete structural layers was developed to obtain the necessary initial data and verify the accepted theoretical and computational hypotheses. A special test bench was designed to ensure the conditions for the study. The tests were carried out at temperatures (+20 °C; +50 °C) for different load modes – short-term and long-term – and the tensile and compressive strength was determined. Based on the results of the test bench research, the long-term strength of asphalt concrete in a viscoelastic state was established. 
CONCLUSION
Based on the results of experimental studies at a temperature of +50 °C, the following was established: the average value of short-term strength at the yield point is 47% of the uniaxial compression strength; the average value of long-term strength is 22% of the uniaxial compression strength. The research results were taken into account when developing recommendations for improving the method of calculating flexible road pavements based on the shear strength criterion of asphalt concrete layers, which take into account the thermoplastic properties of asphalt concrete layers and their transition to a viscoelastic-plastic state.
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