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Abstract

Introduction. An urgent task facing the field of road maintenance is an objective assessment of their residual resource.
The existing methods are typically subjective or require that complex procedures are carried out. The aim of the study is
to develop a new approach to such an assessment based on instrumental measurements.

Materials and Methods. The object of the study is road surfacing of highways. The method is based on a model that
relates the amount of elastic deflection of the coating to the estimated number of loading cycles until the strength has
been exhausted. Deflection was measured using a Falling Weight Deflectometer. The technique allows one to adapt the
model to a variety of conditions by calibrating the coefficients.

Research Results. Based on the suggested model, a four-level scale of the condition of the road surface has been designed
according to the size of the residual resource: a normative, satisfactory, pre-maintenance and critical one. In order to
increase the reliability of the estimate, the median value of the resource is used as the calculated value for the measuring
point, and its weighted average value is used to characterize the entire site.

Discussion and Conclusion. The developed approach makes it possible to quantify the residual resource based on instru-
mental data. Implementing this technique would increase the objectivity of diagnostics and assist optimal repair planning.
The prospects of the study are related to the further adaptation of the model for a variety of road and weather conditions.
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AHHOTAIIA

Beeoenue. AxtyanbHo# 3a51aueii B 007aCTH COACpKaHMI aBTOMOOMIIBHBIX JTIOPOT SIBIISIETCSI 00bEKTHBHASI OLIEHKA UX OCTa-
TOYHOTO pecypca. CyImecTBYIOINE METOBI 9aCTO HOCIT CYOBEKTUBHBIN XapaKTep WIN TPEOYIOT CIOXKHBIX MPOLETYP.
enpro manHO# paboTHI sABIsETCS pa3paboTka HOBOTO MOAXOAa K TaKOHM OIEHKE, OCHOBAHHOTO Ha WHCTPYMEHTAIbHBIX
U3MEpPEHUSX.

Mamepuanvt u memoosvt. OOBEKTOM HCCIIEAOBAHUS BHICTYTAIOT TIOPOKHBIE OJICXK]IbI aBTOMOOMIBLHBIX JJOpOT. B ocHOBe
METO/Ia JISKUT MOJICIIb, CBSA3BIBAOIIAS BEIMYUHY YIIPYTOTO MPOrHOa MOKPHITHS C PACUCTHBIM YUCIOM IIUKJIOB HArpyKe-
HUSI IO UCUYEPIaHUs MPOYHOCTU. [Iporud m3Mepsuics ¢ MOMOIIBIO YCTAaHOBKHU yaapHoro Harpysxkenus (Falling Weight
Deflectometer). Merouka mo3Bosisietr ajanTUpoBaTh MO/IEb K PA3HBIM YCIOBHUSIM IyTeM KaTHOpOBKH KO HHUIIMEHTOB.
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Pezynomamut uccnedoganua. Ha ocHOBe NpeasoxKEeHHON MOJAENH CO3/laHa YETHIPEXYPOBHEBAsI LIKaNa COCTOSIHUS JO-
POXHON OZEXIBI IO BEINYNHE OCTATOYHOTO peCypca: HOPMATHBHOE, yJIOBIETBOPUTEIBHOE, TPEAOTKA3HOE U KPUTHYC-
ckoe. J{y1 MOBBIIICHUS] HAZIEKHOCTH OLEHKH B Ka4eCTBE PACYECTHOTO 3HAYCHUS JUIA TOUKH 3aMepa HUCIIOIb3YeTCsl MEIH-
aHHOE 3HAYCHUE PECYPCa, a ATl XapaKTEPHUCTHKU BCETO yUacTKa — €T0 CPEIHEB3BEIICHHAS BEINYNHA.

Oécyrcoenue u 3axkniouenue. Pa3paboTaHHBIN ITOIXO MO3BOJISIET 1aBaTh KOJIMIECTBEHHYIO OLICHKY OCTATOYHOTO pe-
cypca Ha OCHOBE MHCTPYMEHTAJIbHBIX JaHHBIX. BHEepeHne 1aHHOM METOIUKH MOBBICUT OOBEKTUBHOCT IUArHOCTHKU H
MIOMO>KET ONTUMAJIBHO TUIAHUPOBATh PEMOHTHBIE PabOThI. [lepCreKTHBEI UCCIIeI0OBaHUS CBSI3aHbI ¢ AajbHENIIel aganTa-
ue MoJieNnu A7 pa3NuYHbIX JOPOXKHO-KIMMATHYECKUX YCIOBHH.

KaloueBnle cioBa: ynpyruii nporu0, ocrarounsiii pecype, FWD, cpenHeB3BenieHHas OLEHKA, HE)KECTKHE TOPOKHBIE
OJICK/IbI, KATErOpHsl COCTOSTHUS JIOPOKHOM OB, 1ePEKThI HOKPHITUS

st murupoBanusi. Tupatyps A.H., Aonenaan M.D.P. Ocrarounslii pecypc TOpOKHBIX OAEX] Ha aBTOMOOMIBHBIX

JOpPOrax ¢ BBICOKOI HHTEHCHBHOCTBIO NBIKCHUS. Cospemenible meHOeHYUY 6 CIMpoumensCmee, 2padoCcmpoumensCmee
u naanuposke meppumopuiti. 2026;5(2):97-106. https://doi.org/10.23947/2949-1835-2026-5-2-97-106

Introduction. Managing road structures is one of the most critical and demanding areas of road management. It
requires that clearly defined criteria and rules for assigning the types and timing of repairs, as well as their annual
planning are specified. Considering the high economic costs of maintaining road networks in the condition needed,
this issue is commonly resolved by means of a preliminary instrumental assessment. However, the approaches to in-
terpreting results of the instrumental assessment in different countries and sources vary broadly depending on the
historical experience of designing and constructing road surfaces, as well as the instrumental base conventionally used
in particular countries and regions.

All types of management activities in road surfacing management can be geenrally divided into two types: a network
and project one. The network layer involves a general assessment of road surfacing, forecasting changes during their
service as well as their remaining life, forming maintenance, repairs and overhaul plans, as well as calculating costs during
the life cycle under various operating conditions while choosing the most optimal ones. At the design level, the tasks of
calculating and constructing road surfacing are solved within the framework of a decision made on major repairs or
reconstruction, and economic estimates are provided for a detailed design solution [1, 2].

The main tasks solved at each level of road surfacing management determine the types of models underlying them.
Thus, for the network level of state management, largely phenomenological models based on the concepts of reliability
theory, probability theory and mathematical statistics are employed. The design level typically involves use of structural
models based on the principles of deformable solid mechanics, fracture mechanics, and mesomechanics [3-5].

The assessment of the condition of highways at the network level is based on a large number of different indicators
employed in a variety of pavement serviceability ratings (PSR). A detailed description of these indicators is found in [6, 7].
In particular, in [6] all indicators of the condition of road surfacing are divided into operational, structural and combined
ones. Performance indicators are focused on the actual longitudinal evenness of the pavement. The most well-known of them
worldwide used ones are the IRI (International Roughness Index); the RCI (ride comfort index) indicator; the RN (ride
number) indicator; the PSR (pavement serviceability rating) indicator; in some cases an analog of IRI called Pl (profile
index) is used to assess a roughness index.

The most common structural indicator used at the network level is the structural number calculated based on the
modulus of elasticity of the soil and the equivalent single axle load (ESAL). The dependency for identifying the actual
structural number has the form:

Sn.eff — O.4-728(D0 _ D1.5Hp)_0'4810Hp0'7581,
where D, is the elastic deflection in the center of loading; Dy su, is the elastic deflection recorded at a distance equal to 1,5H,;

Hp is the thickness of the road surfacing.
The minimum required total modulus of elasticity identified in the Russian Federation at the design stage can be used
as an analogue of the structural number E'F :

min*

Ex = %zg(zwm) —3.55,
where p is the design pressure on the pavement surface (800 kPa); ). N, is the total number of the design loadings.
The combined indicators combine several indices characterizing the roughness index of the pavement and defects on
the surfacing. In some cases, indicators characterizing the operational condition and structural indicators are combined.
An example is the Pavement Quality Index (PQI). It includes the Structural Adequacy Index (SAl), the Surface Destruc-
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tion Index (SDI), and the Ride Comfort Index (RCI). The key point in designing a combined index is a structured tech-
nique for collecting expert opinions. In fact, this is a calibration with its result should be statistically reliable and free
from systematic errors. The dependencies for identifying this indicator might vary in different regions. E.g., the calcula-
tion of the PQI indicator using the MnDOT [8, 9] (Minnesota Department of Transportation) method is calculated using

the formula:
PQI = \/RQI - SR,
where RQI is the ride quality index; SR is the surface rating.

As the index RQI is estimated in the range of 0-5, and SR is in the range of 0—4, the final PQI score can take values
in the range of 0-4.5.

In general, it is to be said that all of the above indicators make it possible to effectively characterize the current
condition of the road surface, but linking them to the service life is a rather daunting task typically solved subjectively.

The key concept in managing road surfacing at the network level is the concept of the residual resource/service life of
road surfacing (in a more modern formulation - the remaining service life). The remaining resource is defined as the
number of load application cycles or the number of years until the failure of the pavement according to any criterion
occurs. Since 2014 when the document [10] was released, instead of the term residual resource, the concept of residual
service life (RSL) has come into practice [11-15] that characterizes the remaining time until a certain type of work has
been completed, which can be both preventive maintenance as well as repairs and overhaul of highways.

The main methods and models for RSL forecasting are models based on design practices, or empirical models. As
regards models based on design practice, the models provided in the document Mechanical Empirical Pavement Design
Guide (MEPDG) are prioritized. These models allow us to identify the residual value of ESAL based on the model of the
fatigue failure capacity of asphalt concrete and the model for predicting track accumulation® [16-18].

The permissible number of load applications for a specified mode of deformation of asphalt concrete pavement is
calculated using the formula:

Nyi(e) = CrKpi 8 r2E"r3,
where Ng;(g;) is the number of application cycles of the design load calculated based on the tensile strain at the lower
boundary of a set of asphalt concrete layers ¢;; Cy is the calibration factor identified based on the results of field and
laboratory measurements; K¢, is an empirical parameter in the standard model, K¢, = 1.2; K, is an empirical parameter
in the standard model, Ky, = -3.291; K¢ is an empirical parameter in the standard model, K3 = -0.854.

The model for forecasting the residual life of track accumulation on the surface of asphalt concrete is presented as
i_i = K, 103448815606 \0.479244
where ¢, is the plastic component of compression deformation in asphalt concrete layers; &, is the elastic compression
deformation in asphalt concrete layers calculated using the elastic layered half-space model; T is the temperature in de-
grees Fahrenheit; N is the total load for the period of operation in the ESAL.

The advantage of these models is their good calibration and their capacity to flexibly adjust to the conditions of the
design region due to a large number of empirical coefficients. Their disadvantage is that the implementation of the
MEPDG methodology requires a large number of source data typically missing during the operation phase of the highway.
As arule, this significantly disrupts accuracy and efficiency of these models.

Empirical approaches to RSL forecasting include design of survival curves, use of the Failure Cox Proportional
Hazard method, probabilistic and statistical models such as Bayesian models, Markov chains, as well as linear and
nonlinear regression models [19-22]. More modern approaches include use of artificial neural networks and genetic
algorithms [23-25].

In general, it is to be noted that in spite of a variety of approaches, forecasting the residual resource is currently a fairly
urgent task. On the one hand, forecasting methods should be based on measurable condition parameters found in the
highway diagnostic system of each region and country. On the other hand, the model for forecasting the residual resource
must be sufficiently versatile and well-calibrated for various conditions. On top of that, it is important to note that as a
linearly extended object, a highway is characterized by significant heterogeneity and thereby a continuous change in the
values of the residual resource for each characteristic section. In this case, it is of paramount importance to develop an
approach to identifying the value of the residual resource that effectively and informatively characterizes the section of
the overall highway.

1 Mechanistic Empirical Pavement Design Guide. Washington, DC: AASHTO; 2020. 600 p. URL: https://www.fhwa.dot.gov/pavement/materi-
als/hmec/pubs/module_e/participant workbook.pdf (accessed: 01.03.2026).
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Materials and Methods. It is recommended that the resource of a highway is expressed in the form of the number of
applications of the design load over its service life. The estimated resource of a highway is defined as

Ksum
Z Ncalc = 0-7flane qT? TNcalc knl

where fi.ne IS the band ratio that characterizes the percentage of traffic moving in the busiest lane; Ksum is the summation
coefficient; T; is the service life; T is the number of design days per yea6/20/2026r; N, is the traffic intensity in the
design axes during the first year of service life; k,, is a coefficient taking account the deviation of the actual flow from
the forecast one; q is the coefficient of an increase in the traffic intensity.

Ncalc = ZNikil
where N; is the traffic intensity of the i-th group of vehicles; k; is the coefficient of reduction in the vehicle to the design
axial load of 115 kN.

Considering that this dependence is based on the idea of increasing traffic intensity according to the law of geometric
progression, the number of loading cycles actually experienced by the road structure can be identified for any year of
operation of the highway in the form of the value of the actual running time of the road surfacing ), N,.. In this case its
residual resource can be calculated as ), Nyesiq:

Z Nyesia. = Z Neaie — Z Ngce.

The disadvantage of this approach is the lack of a relationship between the actual residual resource expressed as the
number of cycles of the calculated load and the actual structural condition of the pavement. This drawback can be bridged
by reformulating the dependency in the form of

_ 2
PO = [ 98.65(19(E Nacr) = 3.55),

_ pD(1-p%)
113.91(lg(¥ Ngct)-3.55)’

pD(1-p?)
ZNact = 10 113911 +3'55_

Due to the fact that dependence (1) describes the design change in the actual total number of applications of the design
load from the initial to some maximum permissible condition of the road structure, a similar change is associated with an
increase in the elastic deflection on the surface of the structure. Thus, based on the actual elastic deflection recorded on
the surface of the pavement, it is possible to directly identify the value of the actual running time of the pavement, and
thereby the residual resource. However, the main issue is that as an extended object a highway cannot be characterized
by a single value of elastic deflection, modulus of elasticity, or any other characteristic. A number of the results of elastic
deflection recording in public roads belonging to the federal and regional road network are shown below (Fig. 1).

As can be seen in the figures, the elastic deflection is characterized by a sufficiently large spread over the linear extent
of the site. E.g., the coefficient of variation is C, = 0.16 (Fig. 1a), C, = 0.55 (Fig. 1b), C, = 0.47 for the third area.

In the framework of the study, it is suggested that a weighted average estimate is used based on the value of the actual
elastic deflection recorded on the surface, as an indicator based on which the residual resource of an extended section is
identified such as

7 = Lo
Yo'

a; taken as a weighed parameter and the length of the site is assumed to be in a normative, satisfactory, unsatisfactory
condition in terms of the residual resource and instead of w; the value of the actual operating time of the road structure is
taken directly:

i,
% Nogr = 252

Thus, the main task for applying this approach is to rank sites on four levels depending on the amount of actual
operating time. In order to address this issue, it is recommended that a regression model between the values of the actual
operating time and the operational condition of the pavement is designed. This relationship was designed based on tests
on 60 sections of the highways (Fig. 2). A FWD Primax 1500 falling load deflectometer was used to record the deflection
bowl, and a diagnostic laboratory with a panoramic camera unit was used to record defects on the pavement surfacing.

According to the visual assessment, the average score of 1-2.5 corresponds to the presence of defects such as crack
grids covering from 30 to 90% of the length of the rolling strip, frequent potholes, single crack grids, a track depth of
more than 4 cm. The average score of 2.5-3.5 corresponds to the surfacing defects in the form of longitudinal lateral
cracks, frequent transverse cracks, and tracks 2—-3 cm deep. Defects rated with an average score of 3.5-4.5 include defects
in the form of rare transverse cracks, and defects rated above 4.5 include minor defects in the form of single transverse
cracks, a longitudinal central technological crack.
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Fig. 1. Actual measurements of elastic deflection on sections of operated highways: a is a federal category | highway, b is a federal
category Il highway, and c is a regional category IV highway
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Fig. 2. Dependence of the residual resource on the condition of the surfacing

The final table of the relationship between the value of the residual resource and the corresponding category of con-
dition of the pavement on the site has the following form (Table 1).

Table 1
Classification of the condition of the road surfacing according to the size of the residual resource
Residual resource Condition category
<20% Critical
20-45 % Pre-maintenance
45-80 % Satisfactory
>80 % Normative

The median of each range of values of the residual resource is substituted directly into the formula for calculating the
weighted average estimate as a value that is not subject to outliers and extreme values.

Depending on the weighted average assessment of the condition of the site, a decision is made on control actions to
extend the service life or ensure a standard maintenance service life. Such measures might include road maintenance with
a choice of the type of wear layers and protective layers applied to the pavement; repairs with local reinforcement of the
base layers or only with replacement of worn coating layers; major repairs involving complete or partial disassembly of
the pavement structure.

Research Results. The approach set forth in the research to the operational assessment of the residual life of road
pavements based on instrumental measurements of elastic deflection on their surface has been implemented on a number
of sections of highways with high traffic intensity. In all of these areas, the values of elastic deflection were characterized
by great heterogeneity, which made it challenging to select and assigh management decisions on the timing and types of
repairs. The results of instrumental studies are indicated below, and the weighted average values of the remaining resource
for the surveyed sections of federal highways with high traffic intensity are calculated (Table 2).

Thus, the condition of the surveyed sites can be classified as:

—km 492 + 000-517 + 000 in the straight and reverse direction — a normative one;

—km 877 + 000-892 + 000 in the straight and reverse direction — a satisfactory one;

—km 892 + 000-907 + 000 in the straight and reverse direction — a satisfactory one;

—km 354 + 000-365 + 000 in the straight direction — a satisfactory one, in the reverse direction — a pre-maintenance one;

— km 548 + 000-556 + 000 in the straight and reverse direction — a satisfactory one

—km 1138 + 000-1146 + 000 in the straight and reverse direction — a critical one.

Based on the results, recommendations were formulated to restore the condition in the surveyed areas. Thus, in the
areas where the regulatory status has been fixed, the main type of control actions on road pavements is installation and
subsequent renewal of wear layers made of crushed stone-mastic asphalt concrete with a frequency of 4-5 years. In the
areas in a satisfactory condition, this measure can also be implemented, but taking into account the reduced renewal time
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of the wear layers, i.e., in the range of 2-3 years. In the areas in a pre-maintenance condition, repairs are underway on the
surfacing with local reinforcement of the base layers. Major repairs of the road structure are required in the areas in a
critical condition. The specific volumes and forks of work to restore the condition of the pavement to the required opera-
tional level are identified during engineering surveys at the design level, involving identifying the modulus of elasticity
of the structural layers of the pavement as well as of the most weakened elements and corresponding calculations of the
strength of the road structures.

Table 2

Assessment of the residual resource on a section of highway on various sections of the M4 DON highway

Residual resource based on the actual condition of a road structure

Area
km 492 + 000-517 + 000
Direction Straight Reverse
Residual resource <20 % 4250% 81)5% >80% | <20% 4250% 81')5% >80 %
% of the length of the section
corresponding to the values 0 2 5 93 2 0 0 98
of the residual resource
Median — 26 67 88 10 — — 90
Total 85.71 88.4
km 877 + 000-892 + 000
% of the length of the section
corresponding to the values 16 16 6 61 6 10 0 84
of the residual resource
Median 11 31 59 83 15 25 — 83
Total residual resource 63.05 73.12

km 892 + 000-907 + 000

% of the length of the section

corresponding to the values 6 10 0 84 13 16 6 65
of the residual resource

Median 17 24 — 91 7 24 55 83
Total residual resource 79.86 62.00

km 354 + 000-365 + 000

% of the length of the section

corresponding to the values 8 18 2 71 42 28 10 20
of the residual resource

Median 15 26 63 85 7 20 60 81
Total residual resource 68.17 30.74

km 548 + 000-556 + 000

% of the length of the section

corresponding to the values 0 23 4 71 22 18 2 58
of the residual resource

Median — 33 72 84 9 31 53 83
Total residual resource 71.54 56.76

km 1138 + 000-1146 + 000

% of the length of the section

corresponding to the values 46 54 0 0 55 37 8 0
of the residual resource

Median 4 24 — — 6 22 47 —
Total residual resource 14.80 15.20
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Discussion and Conclusion. Based on the results, the suggested approach is appropriate for large organizations that
are tasked with managing the condition of the road network assigned. The current system for assigning repairs based on
strength, evenness and adhesion coefficients is excessively rigid, as it calls for major repairs to be performed when the
condition is met:

Kstr = lact / Ireq <l
where Ky is the strength coefficient of the road surfacing; lac is the actual elastic deformation recorded under shock
loading; lreq is the required elastic deformation for a corresponding road category.

Residual life forecasting systems conventionally used in the software of FWD shock loading setups such as PRIMAX,
ELMOD, etc., can be effectively used at the design level while selecting the road surfacing design. However, in this case
the system of collecting pavement structures should be focused on calculating and forecasting fatigue damage in asphalt
concrete layers and plastic deformations along the rolling strips. In all other cases, the direct application of these ap-
proaches also requires adaptation to the conditions of each state or region.

It is to be noted that this approach is relatively effective in the case of adoption and adjustment of planned decisions
on the types and timing of repairs. Hence, e.g., in the cases of the section "km 354 + 000-365 + 000" instead of the
decision initially considered by the owner of this road to carry out mandatory major repairs in both directions, it was
decided to restore the layers of wear in the straight direction and repair the reverse direction of the highway. Also, unlike
the method of forecasting the residual service life based on survival curves, this approach requires less statistical data and
model refinement based on the results of a set of statistics.

The study presents a new concept for estimating the residual life of non-rigid road surfacing based on data from field
measurements of elastic deflection in the center of the deflection bowl by the FWD shock loading unit. The advantage of
this model is its versatility and capacity to adapt to any diagnostic tool base involving use of FWD shock loading units.

A scale of road surfacing conditions has been developed depending on the actual residual resource identified based
on field measurements. In this scale, for the first time, the concept of a pre-maintenance condition for road surfacing has
been introduced, which corresponds to the values of a residual resource of 20-45%. Depending on the condition, recom-
mendations are formulated on the types of control actions that is capable of ensuring the safety of a road structure.

The defects observed on the surface of the surfacing of non-rigid pavement and the values of the residual resource
identified by means of instrumental measurements have been found to correspond. It has been found that the critical
defects on the surfacing correspond to the values of the residual resource of 0—-20%.
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