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Abstract  
Introduction. The design of road pavements for highways is a key stage of project development, directly impacting their 
durability and operational costs. In recent years, in the context of increasing traffic intensity and dynamic loads, technologies 
for strengthening roadbeds and bases, such as geosynthetic reinforcement and stabilized layers, have become widespread, 
making the study on their efficiency a challenge. Literature notes the practical advantages of reinforced layers — increased 
load-bearing capacity and reduced deformation. However, models for energy dissipation under dynamic impacts in structures 
with such layers are underdeveloped. Theoretical approaches to analyzing energy dissipation, including linear-elastic and 
viscoelastic models and finite element methods, have been primarily applied to traditional structures. Their adaptation to 
reinforced and stabilized layers requires further development, as there remain gaps in the quantitative comparison of 
efficiency by location and rigidity of reinforcements. The objective of the presented work is to analyze the dissipation of 
deformation energy in the structure of road pavements with different options for the arrangement of reinforced layers, and 
to determine optimal design solutions that contribute to increasing the durability of road pavements. To achieve this, it is 
required to formalize an energy dissipation model for structures with reinforcements, conduct a comparative analysis of 
different locations and rigidity levels of the layers.  
Materials and Methods. The research utilized a comprehensive approach to the analysis of deformation processes in 
layered media using road pavements as an example, involving both a calculation tool and modern experimental 
equipment. As a calculation tool, a mathematical model of a layered half-space in an axisymmetric formulation in a 
cylindrical coordinate system was used. It was based on the solution to the system of dynamic Lame equations and allowed 
for the construction of amplitude-time characteristics of vertical displacements and impact loading impulse, on the basis 
of which it was possible to construct dynamic hysteresis loops. The FWD PRIMAX 1500 shock loading unit was used as 
experimental equipment, which made it possible to register similar characteristics of the road pavement response under 
field conditions at a load equivalent to the calculated one. 
Results. The study involved numerical modeling of road pavement structures traditionally used in the Russian Federation 
and so-called full-depth road pavements, which were composed almost entirely of materials reinforced with binders. 
Dynamic hysteresis loops were constructed, and a comparative analysis of the results was provided. A numerical 
experiment revealed that strengthening only the subgrade layer, even without installing a reinforced base layer beneath 
the asphalt concrete, reduced the amount of dissipated deformation energy. It was also concluded that the elastic modulus 
of the underlying half-space simulating the subgrade had the greatest impact on the amount of dissipated energy. 
Discussion. The greatest effect, both technical and economic, can be reached by strengthening the top of the roadbed 
while preserving the loose layers in the base of the road structure. This solution will bring the functioning of the road 
surface closer to the elastic stage and at the same time reduce the risk of cracks appearing on the surface of the pavement 
due to an excessively rigid layer of reinforced base. 
Conclusion. On the basis of the constructed dynamic hysteresis loops, it is shown that a reduction in the magnitude of 
deformation energy can be obtained both by installing reinforced layers of the road surface throughout its entire depth, 
and by locally strengthening the underlying half-space layer and an additional base layer made of sand. The numerical 
experiment demonstrated that the use of reinforced base layers reduced the amount of deformation energy dissipation in 
the pavement structure by more than 2–3 times. Qualitative agreement between the experimental results and the numerical 
simulation results was shown.  
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Оригинальное теоретическое исследование 

Анализ диссипации энергии деформирования в дорожных одеждах  
с укрепленными слоями 

А.Н. Тиратурян  
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Аннотация 
Введение. Конструирование дорожных одежд автомобильных дорог — ключевой этап проектирования, напрямую 
влияющий на их долговечность и эксплуатационные расходы. В последние годы в условиях роста интенсивности и 
динамической нагрузки транспорта получили распространение такие технологии укрепления земляного полотна и 
оснований, как геосинтетические армирования и стабилизированные слои, что делает изучение их эффективности 
особенно актуальным. В литературе отмечаются практические преимущества укреплённых слоёв — повышение 
несущей способности и снижение деформаций. Однако недостаточно разработаны модели диссипации энергии при 
динамических воздействиях в конструкциях с такими слоями. Теоретические подходы к анализу рассеяния энергии, 
включая линейно-упругие и вязкоупругие модели и методы конечных элементов, в основном применялись к тради-
ционным конструкциям, их адаптация для армированных и стабилизированных слоёв требует доработки, поскольку 
остаются пробелы в количественном сравнении эффективности по местоположению и жёсткости укреплений. Цель 
представленной работы — анализ диссипации энергии деформирования в структуре дорожных одежд с различными 
вариантами расположения укрепленных слоев и определение оптимальных конструктивных решений, способству-
ющих повышению долговечности дорожных покрытий. Для ее достижения необходимо было формализовать мо-
дель диссипации энергии для конструкций с укреплениями, провести сравнительный анализ вариантов расположе-
ния и жёсткости слоёв.  
Материалы и методы. В рамках исследования применен комплексный подход к анализу процессов деформи-
рования слоистых сред на примере дорожных одежд, предполагающий применение как расчетного аппарата, так 
и современного экспериментального оборудования. В качестве расчетного аппарата использовалась математиче-
ская модель слоистого полупространства в осесимметричной постановке в цилиндрической системе координат, 
базирующаяся на решении системы динамических уравнений Ламе и позволяющая строить амплитудно-времен-
ные характеристики вертикальных перемещений и импульса ударного нагружения, на основе которых возможно 
построение динамических петель гистерезиса. В качестве экспериментального оборудования применена уста-
новка ударного нагружения FWD PRIMAX 1500, позволяющая регистрировать аналогичные характеристики от-
клика дорожной одежды в натурных условиях при нагружении, эквивалентном расчетному. 
Результаты исследования. В ходе исследования выполнено численное моделирование конструкций дорожных 
одежд, традиционно используемых в Российской Федерации, и так называемых полноглубинных дорожных 
одежд, состоящих практически полностью из материалов, укрепленных вяжущими. Построены динамические 
петли гистерезиса и дано сравнительное описание полученных результатов. В ходе численного эксперимента 
установлено, что укрепление только слоя земляного полотна даже без устройства укрепленного слоя основания 
под асфальтобетоном позволяет снизить величину рассеиваемой энергии деформирования. Также сделан вывод 
о том, что в наибольшей степени влияние на величину рассеиваемой энергии оказывает именно модуль упругости 
подстилающего полупространства, моделирующего земляное полотно.  
Обсуждение. Наибольший эффект, как технический, так и экономический, может быть достигнут путем укреп-
ления верха земляного полотна с сохранением несвязных слоев в основании дорожной конструкции. Это решение 
позволит приблизить функционирование дорожной одежды к упругой стадии и вместе с тем снизить риски по-
явления трещин на поверхности покрытия из-за излишне жесткого слоя укрепленного основания. 
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Заключение. На основании построенных динамических петель гистерезиса показано, что снижение величины 
энергии деформирования может быть достигнуто как устройством укрепленных слоев дорожной одежды по всей 
ее глубине, так и локальным укреплением слоя подстилающего полупространства и дополнительного слоя осно-
вания из песка. В ходе численного эксперимента доказано, что устройство укрепленных слоев оснований более 
чем в 2–3 раза снижает величину диссипации энергии деформирования в структуре дорожной одежды. Проде-
монстрировано качественное совпадение результатов экспериментальных исследований и результатов числен-
ного моделирования.  

Ключевые слова: дорожные одежды, диссипация энергии, установка ударного нагружения, петли 
динамического гистерезиса 
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Introduction. One of the most important challenges facing the Russian road industry is providing a 24-year interrepair 
life for road pavement. One of the key approaches to solving this is improving approaches to pavement design. In the 
practice of the Russian Federation, it is common to design road pavement so that the rigidity of the layers increases from 
bottom to top, which stems from both historical design approaches and certain specific features of stress-strain state 
calculations using engineering methods and specialized nomograms. However, this approach does not fully reflect the 
efficiency of reinforced layers, such as subgrades or pavement bases.  

In recent years, significant changes have occurred in the technologies and methods for calculating road pavement, associated 
with the introduction of software packages that implement both accurate and numerical schemes for the direct calculation of 
layered media [1]. In numerical methods, the most widespread are both classical finite element approaches [2], and more modern 
methods based on the use of spectral elements [3].  

The finite element method is widely used in modeling the stress-strain state of asphalt concrete and cement concrete 
samples applied for the construction of road pavement and bases [4], as well as in calculating objects of limited size, 
typical for the practice of road and industrial-civil construction [5]. However, most of the aforementioned software 
packages implement a predominantly linear-elastic static formulation of the problem of determining the stress-strain 
state of road pavement. The wider adoption of numerical methods is constrained by the difficulty of their application 
to environments of unlimited volume [6]. At the same time, the actual deformation of road pavement layers is most 
accurately described by viscoelastic models or models that take into account the outflow of volumetric waves into 
infinite space [7].  

As a rule, when solving problems in a viscoelastic dynamic formulation, the response of the road structure is 
considered either to an impact equivalent to the dynamic impact of the calculated load [8], or directly to the load from a 
wheel moving on the surface of the road pavement [9].  

One of the most common modern solutions to this problem is the design of so-called full-depth road pavement 
structures, consisting entirely of layers reinforced with mineral and complex binders [10]. This approach has a number of 
advantages and disadvantages. The undoubted advantages include the overall high rigidity of the structures and the 
possibility of using recycled materials for the construction of base layers and their additional layers [11]. A number of 
scientific papers devoted to this topic note the good resistance of such structures to the accumulation of plastic 
deformations [12], the possibility of use under various natural and climatic conditions [13], and high 
manufacturability [14]. Disadvantages include high cost and, often with excessively increased rigidity of the base layers, 
a strong probability of cracking [15]. One of the most common types of crack formation for such structures is reflective 
cracking [16]. Some authors also note the need to take into account the specific properties of such structures in cold 
areas [17], and the influence of various types of defects on changes in the service life of the coating [18]. 

The concept of “perpetual” road pavement is well known. It involves increasing the rigidity of the structural layers of 
the road pavement from top to bottom, that is, when materials with a higher modulus of elasticity than asphalt concrete 
pavement layers are used as the base layer [19]. Such structures do provide extremely long interrepair life, which allows 
for the replacement of only the upper wear layers [20]. However, it is obvious that the cost and reliability of such structures 
are undoubtedly extremely high and often not reasonable [21]. Moreover, issues of providing proper adhesion between 
structural layers of different rigidity require additional research [22]. 
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Thus, it can be argued that there are numerous approaches to pavement design, which, on the one hand, emphasizes 
the efficiency of such structures, but on the other, still leaves numerous questions unanswered. One of these is the study 
on deformation energy dissipation processes in layered media with reinforced layers, and, as a result, an assessment of 
the possibility of shifting deformation mechanisms to the elastic stage. The amount of energy dissipation is the most 
complete and physically-based characteristic reflecting the mechanisms of deformation in the structure of a multilayer 
medium, which can be measured and quantitatively assessed both by mathematical modeling tools and modern measuring 
equipment. Moreover, the use of this indicator is promising in the context of such a relevant area as the analysis of the 
life cycle of construction projects [23] and its implementation in information modeling technologies for monitoring the 
remaining useful life [24]. Thus, the objective of this work is to analyze the dissipation of deformation energy in the 
structure of road pavement with different options for the arrangement of reinforced layers and to evaluate optimal design 
solutions that contribute to increasing the durability of the road pavement.  

Materials and Methods. The study utilized theoretical and experimental approaches to assess the deformation of the 
layered pavement environment. The research methodology is presented in Figure 1. 

 

Fig. 1. Research methodology 

The following road pavement designs are considered during the numerical and experimental studies. Design 1 
represents a standard road pavement design in accordance with the current requirements of GOST R 71404: layer 1 is 
constructed of asphalt concrete, layer 2 is constructed of a crushed stone-sand mixture reinforced with a complex binder, 
layers 3 and 4 — dry bound macadam, and an antifrost capillary-breaking layer, respectively.  

Theoretical research 
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medium to enable calculation of the deformation 

energy dissipation 

Calculation of amplitude-
temporal characteristics of 

movements on the pavement 
surface 

Calculation of the amplitude-time 
characteristics of the loading impulse on 

the pavement surface 

Construction of calculated dynamic 
hysteresis loops on the pavement surface 

Comparison of calculated and 
experimental results 

Formulation of conclusions and recommendations 
aimed at optimizing the design of road pavement 

Experimental research 

Validation of the equipment used for 
experimental recording of dissipation energy 

Registration of dynamic hysteresis loops on the 
pavement surface under shock loading 
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Structure 2 is an example of a full-depth road structure in which all layers are reinforced with organic or complex 
binders, which inevitably increases their elastic modulus. However, due to the use of expensive stabilizing and 
strengthening additives, as well as the inability to reduce the thickness of the structural layers within the current regulatory 
framework, the cost of this structure will significantly exceed that of Structure 1, which contains layers untreated with 
binders Structure 3 is similar in its parameters to Structure 1, but layers 2 and 5 (subgrade soil) are reinforced with a 
complex binder. Structure 4 involves strengthening only the subgrade soil with a binder. The structures under 
consideration are shown schematically in Figure 2. 

Structure 1 Structure 2 

  

Structure 3 Structure 4 

  

Fig. 2. Designs of simulated pavement 

The theoretical approach consists in determining the stress-strain state of a layered medium under the impact of a 
dynamic load from a falling weight in an axisymmetric setting (Fig. 3).  

 
Fig. 3. Multilayer half-space 
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The equations of motion are as follows: [25, 26]: 

 ( )
2

2 2
r

r r
uu u ,

r r t
∂θ µ ∂

λ +µ +µ∆ − = ρ
∂ ∂

 (1) 

 ( )
2

2
z

z
uu ,

z t
∂θ ∂

λ +µ +µ∆ = ρ
∂ ∂

  

where λ, μ — Lamé coefficients; ur, uz — radial and vertical components of the displacement vector; ρ — density of the material. 

 
( )1 r zru u ,

r r z
∂ ∂

θ = +
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 (2) 

where r — radial coordinate of the point at which the displacement is found. 
The Fourier transformed system of equations (1) takes the form [27]: 

 ( ) ( ) ( )
2
1 2

12
2

0j
j

j

c
grad  div    rotrot   c ,

c
− + =j j ju r u r u r  (3) 

where сj1, сj2 — reduced frequencies of oscillations. 

 
2 2

2
1 2  ;j

j

Rс
Vp
ω

=  (4) 

 
2 2

2
2 2 ;j

j

Rc  
Vs
ω

=   

where ω — oscillation frequency, rad/s; R — radius of the loading area; Vpj, Vsj — velocities of longitudinal and transverse 
waves in the body. 

This form of recording allows using the principle of elastic-viscoelastic correspondence, according to which the Lamé 
coefficients become complex, which, in turn, leads to the complex-valued nature of the reduced frequencies сj1, сj2. 

Since the displacement 𝑢𝑢 can be expressed through the scalar φ and vector (vortex) ψ components, the solution will 
be further considered in the form of the Lamé representation as: 
 2

1 0jс ,∆ϕ+ ϕ =  (5) 

 2
2 0jс∆ψ + ψ =   

The boundary conditions of this problem in stresses are formulated as follows: 

 
( ) ( ) [ ]

( )

0

0

0
0

0

z z

rz z

p t ,r ,R
r,z,t |

., r R
r,z,t |

=

=

  ∈
σ = 

> 
 τ ≡

 (6) 

At the boundaries of the layers, conditions of rigid adhesion are set, requiring the continuity of displacements ur(r, z, t) 
and uz(r, z, t), and stresses σz(r, z, t), τrz(r, z, t). 

At infinity, the conditions for all stress and displacement components to tend to zero are satisfied. The initial conditions 
of this problem are defined as follows: 

 ( ) ( )
0 00; 0r ,z

r ,z t t
u r ,z,t

u r,z,t | | .
t= =

∂
= =

∂
 (7) 

The further solution is constructed through applying the properties of the Hankel and Fourier integral transforms to 
the system of equations (3) and is presented in [28]. Since the solution to a non-stationary problem is considered, the 
method of discrete harmonic analysis is applied [29]. 

Experimental approach to assessing the deformation of layered road surfaces involves instrumental measurements 
of road pavement deformation parameters. The FWD PRIMAX 1500 shock loading unit is used for these measurements 
[30, 31] (Fig. 4). This unit consists of a trailer with a shock loading mechanism and a measuring beam mounted on it. 
This beam records the vertical component of the displacement speed, which is subsequently converted into absolute values 
of vertical displacement. Deformation characteristics are recorded by measuring sensors. Figure 5 shows the distances 
from them to the dynamic loading stamp of the unit. For this study, only sensor D1, located in the center of the stamp, is 
used. However, in the future, other sensors could be used to evaluate deformation energy distribution processes. 

The difference between FWD and other shock loading units is the possibility of practically continuous recording, with 
a sampling spacing of 0.002 s, of the amplitude-time characteristics of displacements on the coating surface and the 
amplitude-time characteristics of the shock loading pulse, based on which it is possible to construct an experimental 
hysteresis loop. 
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Fig. 4. FWD for recording vertical displacements on a layer of organomineral mixture 

 
Fig. 5. Measurement design using the FWD (distances are given in mm) 

This study examines road pavement structures with different rigidity ratios of the structural layers. The mechanical 
parameters are presented in Table 1. 

Table 1 
Road Pavement Designs for Modeling 

 Structure 1 Structure 2 
Layers Е, MPa ν tgγ h, cm ρ, kg/m3 Е, MPa ν tgγ h, cm ρ, kg/m3 

1 3500 0.30 0.25 25 2400 3500 0.30 0.25 25 2400 
2 1000 0.25 0.15 22 2400 1000 0.25 0.15 22 2400 
3 450 0.25 – 36 1600 1000 0.25 0.15 36 2400 
4 120 0.25 – 20 1900 500 0.25 – 20 2200 
5 43 0.3 – – 1900 400 0.3 – – 2200 

Structure 3 Structure 4 
Е, MPa ν tgγ h, cm ρ, kg/m3 Е, MPa ν tgγ h, cm ρ, kg/m3 Е, MPa 
3500 0.30 0.25 25 2400 3500 0.30 0.25 25 2400 3500 
1000 0.25 0.15 22 2400 450 0.25 – 22 1600 1000 
450 0.25 – 36 1600 450 0.25 – 36 1600 450 
120 0.25 – 20 1900 120 0.25 – 20 1900 120 
400 0.3 – – 2200 400 0.3 – – 2200 400 

Research Results. The problem of determining the dynamic stress-strain state is solved and hysteresis loops are 
constructed on the surface of each of them using mathematical modeling for the above structures. The solution to the 
problem for a layered medium allows specifying the amplitude-time characteristics of the displacements u(t) on the 
surface of the layered medium, and the amplitude-time characteristic of the impulse F(t), from which the dynamic 
hysteresis loop, whose area determines the energy irreversibly dissipated in the medium, can be reconstructed [32, 33]. 
This curve is specified parametrically in accordance with dependence (8): 

 ( ) ( )
0

t
W u t F t dt.= ∫  (8) 
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In the case of setting the dynamic hysteresis loop in the form of a data series containing information on discrete values 
of the actual load (𝐹𝐹𝑖𝑖) and vertical displacements (𝑢𝑢𝑖𝑖), corresponding to a given load, the area of the hysteresis curve is 
determined in accordance with (9): 

 
1 1

1 1 1 1
1 1

1
2

n n

i i n i i n
i i

W u F u F u F u F  .
− −

+ +

= =

= + − −∑ ∑  (9) 

Function F(t) is described by the equation:  

 ( )
имп

tF t Fsin
t
π =  

 
 (10) 

where F — design load (taken equal to 57.5 kN); t — time of observation of the object deformation (t = 0.1 s);  
tимп —  pulse time (tимп = 0.03 s). 

The possibility of constructing the amplitude-time characteristic of a sawtooth pulse and a triangular pulse, which are 
often used to approximate the impact loading reproduced by FWD, is also implemented.  

The design load for the simulation was a 57.5 kN drop load distributed over a 30 cm diameter area, which complied 
with road industry regulatory requirements. The deformation energy dissipation (W) was calculated at the impact point.  

Taking into account the assumption of the need for the road pavement to operate in the elastic stage, allowed in 
domestic regulatory documents, as well as the fact that the energy value W is essentially a function of both the mechanical 
and geometric parameters of the studied medium, the problem of optimal design can be reduced to the equation: 
 ( ) ,j j j jW E ,h ,tan , minγ ν →  (11) 

where Ej — elastic moduli of the materials of the pavement layers; hj — thickness of the pavement layers; γj — loss angles 
or other viscosity characteristics of the material of the layers; vj — Poisson's ratios of the materials of the layers. 

The damping properties of individual layers are taken into account through introducing the loss tangent tgγ, 
determined on the basis of the given oscillation frequencies: 

 
2

2
j

j
j

Im c
tg .

Re c
γ =   

Figure 6 shows the calculated amplitude-time characteristics of the displacements on the surface of the simulated road 
pavements. Figure 7 presents various shock loading pulse shapes, in particular, sinusoidal, sawtooth, and triangular, 
corresponding to different shock load application scenarios. In this study, the sinusoidal shape is considered, as it best 
corresponds to the experimental loading reproduced by the FWD. 

 
Fig. 6. Calculated amplitude-time characteristics of displacement 

on the surface of the studied structures  
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Fig. 7. Calculated load pulse shapes on the surface 

of the road pavement 4  

The results of constructing dynamic hysteresis loops and the results of determining the dynamic deformation energy 
are presented in Figure 8 and in Table 2, respectively. 

 
Fig. 8. Dynamic hysteresis loops calculated on the surface of road pavement structures  

Table 2 
Calculated Value of Deformation Energy Dissipated in Structures 

Layers Deformation energy, J/m3 
Structure 1 9.43 
Structure 2 3.00 
Structure 3 3.27 
Structure 4 3.56 

To experimentally confirm the results obtained, measurements are carried out using the FWD PRIMAX 1500 shock 
loading unit on the real operating road pavement, whose design is similar to structures 1, 3 and 4 shown in Table 1. The 
obtained experimental shapes of the dynamic hysteresis loops are shown in Figure 9, and the experimental values of the 
deformation energy dissipated in the structure are presented in Table 3.  
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Fig. 9. Dynamic hysteresis loops recorded instrumentally on the surface of road pavement structures 

Table 3 
Experimental Value of Deformation Energy Dissipated in Structures 

Layers Deformation energy, J/m3 
Structure 1 9.44 
Structure 3 3.74 
Structure 4 4.56 

Design options for road pavement similar to design 2 are currently undergoing feasibility studies for their applicability 
and have not been implemented under the field conditions of the Russian road network. 

Discussion. Analyzing the data in Tables 2 and 3, we can conclude that the highest value of deformation energy 
dissipation is characteristic of the traditional design option 1, in which the rigidity of the structural layers increases from 
bottom to top. The lowest value of energy dissipation is undoubtedly characteristic of the most rigid design, 2, which 
assumes the construction of all layers using binder reinforcement. However, it should be noted that a nearly identical 
effect can be reached by the reinforcement of the working subgrade layer in the first turn. The numerical modeling has 
shown that strengthening only the subgrade layer, even without installing a reinforced base layer beneath the asphalt 
concrete, reduces the dissipated deformation energy from 9.43 to 3.56 J/m³. It can also be concluded that the elastic 
modulus of the underlying half-space, which simulates the roadbed, has the greatest impact on the amount of dissipated 
energy. Therefore, the greatest effect, both technical and economic, can be reached through strengthening the top of the 
roadbed while preserving the loose layers at the base of the road structure (similar to structures 3 and 4). This solution 
will bring the road pavement performance closer to the elastic stage while reducing the risk of cracks appearing on the 
road pavement surface due to an excessively rigid reinforced base layer. These modeling results were generally validated 
by the results of a full-scale experiment, which found that the experimental deformation energy on the surface of 
unreinforced structure 1, which was 9.44 J/m³, decreased to 4.56 J/m³ in the presence of a reinforced subgrade layer, and 
to 3.74 J/m³ in the presence of a reinforced base layer under the asphalt concrete and a reinforced subgrade layer. This 
fact validates the qualitative agreement between the results of in-situ and computational experiments. The research results 
can be applied to substantiating competing road surface design options and also be developed for use in the road 
maintenance industry in assessing their residual service life [34, 35]. An important conclusion is the establishment of the 
greatest impact on the magnitude of deformation energy dissipation from the strengthening of the subgrade layer. In recent 
years, the issue of using various soil strengthening additives has been actively addressed at various levels [36–38]. Once 
more data on the strengthening of the roadbed using appropriate additives and stabilization is received, the results obtained 
can be applied to prove the effect of their introduction. Undoubtedly, this will require conducting research using dynamic 
loading and stamp testing equipment [39, 40], which makes it possible to directly register dynamic hysteresis loops and 
load-unloading curves, and obtain the necessary information about the design characteristics of such layers. The approach 
presented in the study can also be efficiently developed at accelerated testing sites for road pavement [41], and used to 
calibrate models when their operational condition deteriorates [42]. 
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Conclusion. Thus, as a result of the analysis performed within the framework of this research on the dissipation of 
deformation energy in the structure of road pavement with various options for the arrangement of reinforced layers and 
the assessment of the most efficient options for the arrangement of reinforced layers in the structure of the road pavement, 
it was established that the greatest impact on the magnitude of the dissipation of deformation energy is exerted by the 
strengthening of the roadbed, modeled as an elastic half-space, unlimited in thickness. This conclusion was validated by 
experimental studies, which revealed a similar qualitative pattern of changes in the dissipated deformation energy in a 
structure consisting of only unreinforced layers; a structure with a reinforced subgrade layer; and a structure with a 
reinforced base layer and a reinforced subgrade layer. It has been shown that the use of reinforced base layers reduces the 
amount of deformation energy dissipated in the road pavement structure by more than 2–3 times. 
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