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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 23 times. Qualitative agreement between the experimental results and the numerical
simulation results was shown.
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AHHOTALUSA

Beeoenue. KonctpynpoBaHue TOPOKHBIX OJICHKT aBTOMOOMIIBHBIX JOPOT — KITFOUEBO dTAl NMPOSKTUPOBAHMS, HATIPSIMYIO
BIMAIOMIMI HA UX JOJITOBEYHOCTh U SKCILTyaTallMOHHBIE pacXosl. B mocneqHue roas! B yCIOBUSAX pocTa MHTCHCUBHOCTU U
JVHAMHUYECKOM Harpy3KH TPAaHCIIOPTa MOIyYUIIU PacpOCTPAHEHUE TaKHe TEXHOJIOTHH YKPEMIECHHUs 3eMIITHOTO MOJIOTHA U
OCHOBaHHM, KaK TEOCHHTETHYECKIE apMHUPOBAHMS M CTAOMIIM3UPOBAHHBIE CIIOH, YTO JIeJIaeT U3ydeHHe X 3 PEKTHBHOCTH
0COOEHHO aKTyaJbHBIM. B nHTEepaType oTMe4aroTcs NMpakTHYECKHE MPEUMYIIECTBa YKPEIUIEHHBIX CIOEB — TIOBBILICHHE
HecyIei cnocoOHOCTH U CHIbKeHue fedopmarid. OJJHAKO HeJIOCTATOYHO pa3paboTaHbl MOAENH AUCCUIIALIMY SHEPTUH TTPH
JMHAMHYECKHUX BO3JEHCTBHAX B KOHCTPYKIHAX C TAKAUMH CIIOSIMU. TeopeTHIeCcKHe MOIX0bI K aHAJII3Y PACCESHUS SHEPTUH,
BKJIOYAs! IMHEWHO-YIPYTHE U BSI3KOYTIPYTUe MOJIETH ¥ METO/Ib KOHEYHBIX 3JIEMEHTOB, B OCHOBHOM IIPUMEHSUINCH K TPAIH-
IIHOHHBIM KOHCTPYKIIHSM, HX aJalTaus sl apMUPOBAHHBIX U CTAOMIM3UPOBAHHBIX CJIOEB TpeOyeT TOPaOOTKH, TOCKOIBKY
OCTAaIOTCs POOEJTBI B KOJINUECTBEHHOM CpaBHEHHHU AP (HEKTUBHOCTH 110 MECTOTIOIOKESHHUIO M )KECTKOCTH YKperuieHuid. [lens
MpeNICTaBICHHO paboThl — aHAIIN3 TUCCHUITALUH YHEPTUH Ie(OPMUPOBAHHUS B CTPYKTYPE JOPOXKHBIX OJICHK]] C PA3TUIHBIMU
BapHaHTAMH PacIONIOKEHHS YKPEIUICHHBIX CIIOEB M ONpeJIeJICHHe ONTUMAIIBHBIX KOHCTPYKTHBHBIX PEIICHHH, CIOCOOCTBY-
IOIIMX MOBBIIICHUIO OJATOBEYHOCTH JOPOXKHBIX TMOKPBITHH. 71 ee mocTrkeHHs: Heo0XoquMo ObIIo (hOpMaTH30BaTh MO-
JIeTIb IMCCUTIAINY SHEPTUH JUTS KOHCTPYKIMH C YKPETUICHUSMH, IPOBECTH CPAaBHUTEIIHLHBIN aHAJIN3 BAPUAHTOB PACIIONIOKE-
HUSA U )KECTKOCTH CITOEB.

Mamepuanst u memoosi. B pamkax MccienoBaHus NIPUMEHEH KOMIUIEKCHBIH MOAXO K aHAJIHM3Y MpoLeccoB aAehopMu-
POBaHUS CIIOUCTHIX CPeJ Ha MPUMEpe JOPOXKHBIX OEkK, IIPEANIONaraloni IPUMEHEHHE KaK PaCUeTHOTO anmnapara, Tak
1 COBPEMEHHOT0 SKCIIEpUMEHTAIBHOTO 000pY/J0BaHNs. B kauecTBe pacueTHOro anmapaTa UCI0JIb30Balach MaTeMaTuie-
CKasi MOJIEJIb CIIOMCTOTO MOIYIPOCTPAHCTBA B OCECUMMETPHUYIHOI MOCTAHOBKE B IMIIMHAPHUECKON CUCTEME KOOPIMHAT,
Oasupylolasics Ha pellieHUH CUCTEMbI JMHAMUYECKUX YpaBHEeHUI Jlame ¥ MO3BOJISIONIAs CTPOUTh aMILIUTYHO-BPEMEH-
HBIE XapaKTEePUCTHKHU BEPTUKAJIBHBIX IepeMELICHUI 1 NMITyJIbCa yAAPHOTO HATPYKEHHUs, Ha OCHOBE KOTOPBIX BO3MOXHO
MIOCTPOEHHE AMHAMUYECKHUX IETeNh THcTepe3nca. B kauecTBe 3KCIEPHMEHTAIBHOTO 000pyI0BaHHS NPUMEHEHA yCTa-
HOBKa ynapHoro HarpyxxeHus FWD PRIMAX 1500, no3Bosstoniast perucTpupoBaTh aHAIOTUYHbIE XapaKTEPUCTUKH OT-
KJIMKa JIOPOXHOM OJIEK/IbI B HATYPHBIX yCIOBHSX IIPU HArPYXEHUH, SKBUBAICHTHOM PacyeTHOMY.

Pesynemamut uccneooganus. B xone uccne10BaHus BHIIOTHEHO YHUCICHHOE MOACINPOBAHNE KOHCTPYKIUI JOPOXKHBIX
OJICKA, TPaJUIMOHHO HMCHONb3yeMbIX B Poccuiickoit ®Denepanuu, W Tak HA3bIBAEMBIX HMOJHOTIYOHHHBIX JTOPOXKHBIX
OJIeXKI, COCTOSIIIUX MPAKTUUECKH MOJHOCTBIO U3 MaTepHalIOB, YKPEIJICHHBIX BSOKYIIUMU. [IocTpoeHB!l qUHaMUUecKue
MEeTJIM TUCTEepPEe3UCca U JaHO CPAaBHUTEIHHOE ONMHCAHUE IOJTYYEHHBIX Pe3yJIbTaToB. B Xone 4MCIeHHOro SKCrnepuMeHTa
YCTaHOBJIEHO, YTO YKPEIUICHHUE TOJIBKO CJIOSI 3eMJISIHOT'O TI0JIOTHA Jlake 0e3 yCTpOWCTBa YKPEIJIEHHOT'O CJI0Si OCHOBAHUS
1o/ achasbTOOETOHOM MO3BOJIET CHU3UThH BEJIMUMHY pacceuBaeMOM dHepruu jaedopMupoBanus. Takke cenaH BBIBOJ
0 TOM, 4TO B HaOOJIbLIECH CTENICHN BIMSHHUE Ha BEJIMYMHY pacCEMBaeMOI SJHEPTUU OKa3bIBaeT HIMEHHO MOJYJIb YIIPYTOCTH
MOJICTHJIAIOIIETO TOTYTIPOCTPAHCTBA, MOJICIUPYIOIIET0 3€MIISTHOE TIOJIOTHO.

Oébcyscoenue. Hambompmmii 23 PexT, Kak TEXHHUECKHHA, TaK ¥ IKOHOMHYICCKHUN, MOXKET OBITh JOCTHTHYT ITyTeM YKpPETI-
JICHUSI BEpXa 3eMIITHOTO ITOJIOTHA C COXPAHEHHEM HECBSI3HBIX CIIOEB B OCHOBAHUH JOPOXKHOM KOHCTPYKIMH. DTO PEIICHHE
MIO3BOJIUT MPHUOIU3UTE (DYHKIIMOHHPOBAHNE JTOPOKHOM OACKIBI K yIPYTOH CTaJUH U BMECTE C TEM CHHU3UTH PHCKH IO-
SIBTICHUSI TPEIIMH Ha TOBEPXHOCTH MOKPBITHS U3-3a U3JUIIHE XKECTKOTO CJI0S yKPEINICHHOTO OCHOBAHUSL.
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3akntouenue. Ha 0CHOBaHMH MOCTPOCHHBIX AWHAMHYECKUX METEIh THCTEpE3rca MOKA3aHO, YTO CHIDKCHHE BEITHIHHEI
SHEpPruu AeOPMHUPOBAHUSI MOKET OBITh JOCTUTHYTO KaK YCTPOWCTBOM YKPEIICHHBIX CJIOEB TOPOXKHOM OJIEKIBI TI0 BCEH
ee NIyOrHe, TaK ¥ JIOKATBHBIM YKPEIUICHHEM CJIOSI TOICTHIIAIOIIETO MOMYPOCTPAHCTBA U IOTMIOIHUTEIBHOTO CI0S OCHO-
BaHUs U3 Necka. B XoJle YHCIEHHOT0 SKCIIEPUMEHTA JJOKa3aHO, YTO YCTPOHCTBO YKPEIUICHHBIX CJIOEB OCHOBaHUU Oolee
4yeM B 2—-3 pa3a CHIXKACT BEIMYHHY TUCCHIIAIIMHA SHEPTHH Ae()OpMUPOBAHHS B CTPYKTYpE NOPOXKHOMN onexnnl. [Ipoxe-
MOHCTPUPOBAHO Kaue€CTBEHHOE COBIAJICHUE PE3YJIbTATOB SKCIEPUMEHTAIBHBIX UCCIEIOBAHUM U pe3yJIbTaTOB YUCIEH-
HOT'O MOJIEJIUPOBAHUS.

KiiroueBble cioBa: JOpPOXKHBIE OJEXKAbl, AUCCUIALMUS HHEPIMM, YCTAHOBKA YAAPHOTO HArpy>KeHWs, METIu
JIMHAMHUYECKOr0 TUCTEpe3nca

BaarogapHocTn. ABTOp BBIpakaeT OIaroJapHOCTh PEOAKIMOHHON KOJUIETMM JKypHala M pEIEeH3CHTaM 3a
po¢heCCHOHATBHBIN aHANN3 CTATEH M PEKOMEH/IAIINH IS €€ KOPPEKTHPOBKH.

®unancupoBanme. VccienoBanue BBITIOTHEHO NMpu (pUHAHCOBOUW momiepxkke Poccuiickoro Hay4Horo ¢gosaa (TpaHT
Ne 24-29-00110), https://rscf.ru/project/24-29-00110/

Jnst nurupoBanust. Tupatypsia A.H. AHamu3 muccunaruu SHeprun 1e()OpMUPOBAHUS B TOPOKHBIX OICKAAX C YKPCIUICHHBIMU
crnosmu. Advanced Engineering Research. 2025;25(4):324-336. https://doi.org/10.23947/2687-1653-2025-25-4-2184

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.

Theoretical research Experimental research

v v

Improving the mathematical model of a layered
medium to enable calculation of the deformation
energy dissipation

N e

Calculation of amplitude-
temporal characteristics of
movements on the pavement

Validation of the equipment used for
experimental recording of dissipation energy

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

surface
\ / \
Construction of calculated dynamic Registration of dynamic hysteresis loops on the
hysteresis loops on the pavement surface pavement surface under shock loading

\ /

Comparison of calculated and
experimental results

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

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.
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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
8 asphalt concrete 2 asphalt concrete
g reinforced layer g reinforced layer
° loose bottoming ° reinforced layer
g sand 8 reinforced layer
unstabilized soil reinforced soil
Structure 3 Structure 4
Q asphalt concrete l{\} asphalt concrete
g reinforced layer g unreinforced layer
g loose bottoming ﬁ unreinforced layer
S sand S unreinforced layer
reinforced soil reinforced soil

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).

R

v

hi
h2

hj

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

00 o%u
(k+u)5+uAur —I%ur =p P

- @)

o0u

o’

where A, p — Lamé coefficients; u,, u. — radial and vertical components of the displacement vector; p— density of the material.
10(ru,) 0o

oo Lol ou,

4
b

(K+u)@+uAuz =p
0z

) 2
r or 0z @)
where » — radial coordinate of the point at which the displacement is found.
The Fourier transformed system of equations (1) takes the form [27]:
2
; cs . .
grad divu’ (r)—%rotrotu’ (r)+chu’ (r)=0, 3)
where ¢j1, ¢, — reduced frequencies of oscillations.
®*R?
=25 )
Vp;
,  ©’R?

J
where ® — oscillation frequency, rad/s; R —radius of the loading area; Vp;, Vs;— 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 c¢;i, cjo.
Since the displacement u can be expressed through the scalar ¢ and vector (vortex) y components, the solution will
be further considered in the form of the Lamé representation as:

A(p+Cj12(p:0, (5)
A\V + Cjzz\v = O

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

o.(r.z,t) o= {P(l‘),r <[0,R]

0,r>R . (6)
T, (r,z,t) l..o=0

At the boundaries of the layers, conditions of rigid adhesion are set, requiring the continuity of displacements u.(r, z, t)
and u.(r, z, t), and stresses o(r, z, 1), T-(7, z, {).

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:
ou,., (r, z,t)

ot

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

U, , (r,z,t) b-0=0; l=o=0. (7

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

Stamp
DI D2D3D4DS D6 D7 DS D9 DIO

1200

1300
450
600
900
I 1200 |
| 1500 |
1800

2100

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 | E, MPa v tgy h,em | p,kg/m® | E, MPa v 1gy h,ecm | p, kg/m?
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
E, MPa v tgy h,cm | p,kg/m® | E, MPa v tgy h,cm | p,kg/m® | E, 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(#) on the
surface of the layered medium, and the amplitude-time characteristic of the impulse F(¢), 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):

w-| ;u(t)F(t)dt. ®)
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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 (F;) and vertical displacements (u;), corresponding to a given load, the area of the hysteresis curve is
determined in accordance with (9):

n—1 n—1

1
=2 ZuF +u, by _;umFi —wF, |. ©
Function F(?) is described by the equation:
F(t)stin(tn—tj (10)

where F' — design load (taken equal to 57.5 kN); + — time of observation of the object deformation (¢#=0.1 s);
tum — pulse time (fun = 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:

W(E, h;tany ;v ;) —> min, (11)

J
where E; — elastic moduli of the materials of the pavement layers; #; — thickness of the pavement layers; y; — loss angles
or other viscosity characteristics of the material of the layers; v; — Poisson's ratios of the materials of the layers.
The damping properties of individual layers are taken into account through introducing the loss tangent #gy,
determined on the basis of the given oscillation frequencies:

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.
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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.
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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 1 943
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/m?, decreased to 4.56 J/m? in the presence of a reinforced subgrade layer, and
to 3.74 J/m? 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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