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Prospects are outlined for the development of intelligent road pavements with the integration of sensor systems, self-
healing materials, and energy-generating technologies. The proposed approach forms the basis for the creation of a modern,
resilient, and high-technology transport infrastructure.

Experimental studies verified the high synergy of a "triad" of modifiers: 0.8% PCE MasterGlenium ACE, 0.05% AEA
MasterAir, and 0.9 kg/m3 polypropylene microfibers. At W/C=0.34, this complex increases compressive strength from 45.2 to
61.4 MPa and flexural strength from 4.4 to 5.4 MPa.

The resulting low-capillary matrix with pore-dampers reduces abrasion to 0.40 g/cm? and raises salt-frost resistance above
F300+, neutralizing "shear impacts" during heavy vehicle braking.

Early hydration kinetics show the modified concrete reaches 68% strength (35.4 MPa) on the 3rd day, whereas the control
mix gains only 28% (12.6 MPa). This dynamic shortens traffic closure periods fourfold (opening routes in 3—7 days), allows
timely joint cutting, and ensures optimal compatibility with slipform pavers.

Life Cycle Cost (LCC) analysis under 1ISO 15686-5 proves that a 1-1.2% initial mix cost increase (210,000 UAH/km)
extends the maintenance-free interval to 18 years. Integral NPV of the life cycle drops by 24%, reducing maintenance costs
by 40% and yielding 3% fuel savings due to prolonged IRI stability.
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Introduction

The stable operation of Ukraine’s transport corridors under the conditions of martial law depends
directly on the technical condition of the road pavement. The sharp increase in the intensity of heavy-duty
vehicle traffic and the reconfiguration of logistics routes demand a revision of approaches to pavement
design. Today a motor road is regarded not simply as an engineering structure but as a critical element of
the logistics chain that must ensure uninterrupted transportation regardless of weather conditions and the
weight parameters of vehicles [1].

The issue of increasing concrete strength through the introduction of additives has been actively
researched in the works of domestic and foreign scholars. However, in the context of modern logistics,
where axle loads often exceed regulatory norms, traditional methods of modification require adjustment.
The use of the latest generation of polycarboxylate ethers makes it possible to obtain concrete with ultra-
low capillary absorption, which is decisive for resistance to the dynamic impacts of heavy-tonnage road
trains [2, 3]. Studies [4, 5] indicate that complex additives with an air-entraining effect create a “damper”
structure that absorbs the internal stresses arising from the rapid movement of heavy machinery.

The aim of the article. Substantiation of the effectiveness and parameters of application of specific
modifiers for the creation of road cement concrete capable of ensuring the reliability of logistics
connections under complex operational conditions, based on original experimental research and life-cycle
cost calculations.

HAYKOBO-TEXHIYHUI )KYPHAJI “CYYACHI TEXHOJIOI'Ti, MATEPIAJIM I KOHCTPVKLIIi B BY JIBHULITBI” 41


https://creativecommons.org/licenses/by/4.0/

BbYIBEJIbHI MATEPIAJIM TA BUPOBU

Analytical research

Modern logistics in Ukraine is characterised by a shift of freight flows onto motor roads, which leads to
systematic overloads. Unlike asphalt concrete, which under the weight of road trains is prone to plastic
deformations (rutting), cement-concrete pavement operates as an elastic slab on a semi-rigid base [6].

However, the critical factor is not only static weight but also the dynamic force vectors arising during
the braking and acceleration of heavy-duty transport. In the tyre-to-concrete contact zone significant
tangential stresses occur. Under the sudden braking of road trains (with a mass of 40 tonnes and more) the
“shear impact” effect arises, which provokes the opening of microcracks in the upper layer of the pavement
(to a depth of 3-5 cm). If the concrete does not possess sufficient viscosity and adhesion between the cement
stone and the aggregate, these microcracks become channels for the penetration of water and salts, leading
to rapid surface scaling.

Taking into account the nature of tangential stresses described above, it becomes evident that traditional
concrete mixtures require a qualitative transition to multi-component modification.

For the experimental studies, the base composition of road concrete class C30/35 was adopted (per 1 m3
of mix): Portland cement PC 1-500R-N — 420 kg; quartz sand (Mx = 2.2) — 710 kg; granite aggregate
fractions 5-10 mm and 10-20 mm (ratio 1:3) — 1,150 kg; water — 143 1. To modify the mixture, a “triad”
of additives was used in the following dosages by cement mass:

1. Polycarboxylate ether (PCE) of the MasterGlenium ACE brand at a dosage of 0.8 %;

2. Air-entraining modifier (AEM) of the MasterAir (Sika) brand at a dosage of 0.05%;

3. Polypropylene fibre 12 mm in length (fibre diameter 22 um) at a dosage of 0.9 kg/m? (approximately
0.2% by volume).

Mixtures were prepared in a forced-action laboratory mixer with a mixing time of 3 minutes (fibre was
introduced at the dry-mixing stage of the aggregates). The preparation, curing, and testing of cube
specimens (150x150%150 mm) and beam specimens (150x150x600 mm) were carried out in accordance
with the requirements of DSTU EN 12390-3 (compressive strength) and DSTU EN 12390-5 (flexural
tensile strength). Frost resistance was determined in a 5% NaCl solution using an accelerated method in
accordance with DSTU B V.2.7-49-96.

The introduction of the comprehensive modification described provides a polyfunctional character of
influence of the components:

1. Polycarboxylate ethers (PCE): They create an effect of “electrostatic repulsion” of cement particles
at the nanoscale. Unlike traditional additives, PCEs operate on the principle of steric repulsion of cement
particles. This makes it possible to reduce the water demand of the mixture by 25-30%, achieving a value
of W/C = 0.34, forming an ultra-dense structure with a minimal number of capillaries. This accordingly
leads to an increase in compressive strength to class C30/35 and above and enhances the ability of the
surface to withstand abrasive wear from the tyres of wheeled vehicles and special machinery.

2. Air-entraining modifiers (AEMs): They create in the concrete a large number of microscopic closed
pores (with a diameter of 10-100 um) with a spacing factor between pores of no more than 0.2 mm. These
pores function as “microdampers”. During the passage of heavy road vehicles (HRVs) they partially absorb
the energy of elastic deformation, preventing the brittle destruction of the concrete matrix and compensating
for ice pressure during the freezing of water in saline solutions.

3. Polymer fibre (dispersed reinforcement): The addition of fibre transforms concrete into a composite
material. When a microcrack arises from a “shear impact” during braking, the transverse fibre strands within
the crack restrain its further opening. This is critically important for preserving slab integrity in customs-
inspection zones, weighing complexes, and on the ascents of highways, where the torque on the wheels is
at its maximum.

The mechanics of “wheel-pavement” interaction and the role of additives. When analysing the
performance of cement-concrete pavement under the influence of HRVS, it should be taken into account
that destruction begins not with visible cracks but with the accumulation of microdefects in the structure of
the cement stone. In logistics chains dominated by road trains with axle loads exceeding 11.5 tonnes, a
“material fatigue” effect arises. This is particularly noticeable on sections with intensive braking and
manoeuvring. During the braking of motor vehicles, a horizontal force arises that seeks to “tear off” the
upper layer of concrete. It is precisely here that the synergetic effect of the special additives manifests itself.

For a visual comparison of the influence of modification on the key parameters ensuring
resistance to such loads, the performance results obtained are summarised in Table 1.
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As can be seen from the data in Table 1, the application of modifiers allows the flexural strength to be
increased by almost 50%. This is critically important, since flexural tension is the principal cause of the
fracture of concrete slabs under the weight of HRVs, especially those of particularly high load capacity.
Moreover, the accelerated strength gain makes it possible to open traffic on a section significantly earlier,
which is a key efficiency indicator of the logistics network.

Table 1
Comparative characteristics of the performance indicators of road concrete
Indicator (characteristic) Base composition (without Modified composition
additives) (PCE + AEM + Fibre)
Flexural tensile strength, MPa 4.4 5,4
Compressive strength, MPa 45,2 61,4
Abrasion coefficient, g/cm? 0,6 0,4
Frost resistance (in salts), cycles F150 F300
Rate of strength gain, days 14 3

In order to achieve the target durability indicators of the pavement structure presented in Table 1, the
authors propose a comprehensive technological solution based on the synergetic interaction of three types
of special additives: polycarboxylate ethers, air-entraining modifiers, and polymer fibre.

Turning from the composition of the concrete to the timing of its introduction into service, it should be
noted that traditional concrete requires 28 days to reach its design parameters. However, under the
conditions of intensive logistics such a term is excessively long.

The combination we propose “polycarboxylate ethers + air-entraining modifiers + polymer fibre”
fundamentally alters the strength-gain schedule. Owing to the low water-cement ratio and the
comprehensive action of the modifiers, cement hydration proceeds more intensively and more evenly. The
kinetics of strength gain of road concrete using modifying additives are presented in Figure 1.

The numerical data of the graph (Fig. 1) are based on specimen tests at intermediate hardening intervals.
The base composition demonstrated the following compressive strength values as a percentage of design
strength (45 MPa): day 1 — 12% (5.4 MPa); day 3 — 28% (12.6 MPa); day 7 — 55% (24.7 MPa); day 28
— 100% (45.2 MPa). The modified composition (our formulation, class C30/35 with a design compressive
strength of 52 MPa) showed accelerated kinetics: day 1 — 42% (21.8 MPa); day 3 — 68% (35.4 MPa);
day 7 — 85% (44.2 MPa); day 28 — 118% (61.4 MPa).
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Figure 1 — Comparative kinetics of strength gain of road concrete with the use of comprehensive modification

On the strength graph (Fig. 1) of the dependence of strength on time, two curves are clearly
distinguished. The base composition (without additives): demonstrates a slow increase in strength; after 3
days the value amounts to only 14% of the design strength. This makes the movement of heavy machinery
impossible for 14 days. However, the modified composition: owing to the accelerated crystallisation of the
minerals of the cement clinker, attains 70% of its grade strength as early as day 3.

Such a rapid gain of strength at the initial stage of hardening of the concrete road makes it possible to
cut expansion joints significantly earlier, preventing the formation of random temperature cracks. For the
motor-transport sector this means the possibility of opening technological traffic for HRVs as early as day
3 (upon reaching 70% strength) after placement, which reduces the blocking time of the logistics route by
a factor of four, and also reduces the costs of concrete curing operations.

Rapid strength gain is a matter not only of time but also of the quality of the “road mirror”. The rapid
formation of the concrete stone minimises prolonged exposure to wind, sunlight, and precipitation. This
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prevents the washing-out of the cementitious binder and precludes the appearance of surface microcracks
— the principal factors that impair the physico-mechanical properties and durability of the pavement.

The effectiveness of the proposed chemical modification cannot be realised in full without the use of
precision equipment, in particular slipform pavers, which ensure slab monolithicity. The effectiveness of
our proposed modified concrete compositions is fully revealed with the use of high-productivity slipform
pavers. This equipment simultaneously performs the distribution of concrete, its vibratory consolidation,
the reinforcement of joints with steel bars, and the finish texturing of the surface.

The mechanism of “mixture-machine” interaction: the use of polycarboxylate ethers makes it possible
to obtain a mixture with unique rheological characteristics: it is exceptionally mobile under the action of
the machine’s vibrators but instantly acquires structural strength after exiting the extruder. Such technology
makes it possible to lay up to 1.5-2 km of ready highway per day. By comparison, the use of outdated
methods with movable formwork required 6 weeks for the same section.

Thus, the synergy of “modified concrete + slipform” creates a monolithic slab. This guarantees the ideal
evenness of the road surface (IRI coefficient), which is the key to low operational costs for hauliers. One
of the principal barriers to the implementation of modified concretes is often said to be the rise in the
estimated cost of the mixture. However, a life-cycle analysis of the pavement refutes this assertion.

To assess economic effectiveness, the standard Life Cycle Cost (LCC) analysis methodology in
accordance with 1SO 15686-5 was applied. Calculation of the net present value (NPV cc) was performed
using the formula:

Cmyt+Cop,
NPVicc = Ciny + Z{=1(IT;M (2

where the summation is taken for each year t from 1 to T. Here Ci,, — initial investment in pavement
construction; Cm — costs of routine maintenance and upkeep in year t; Cop: — Operational costs for users
(fuel savings); r — real discount rate (taken at 5%); T — the design service period (30 years).

Input data for calculation per 1 km of a two-lane highway:

e Base composition: Cinv = UAH 18.5 million; major repairs (Cm) at years 10, 18, and 25 of service life
with a total cost of UAH 11.2 million.

e Modified composition: The introduction of the comprehensive “triad” of additives increases the cost
of 1 m® of concrete mixture by 1-1.2%, raising the initial investment Cin, by UAH 210,000 (to UAH 18.71
million). However, the projected maintenance-free period extends to 18 years. Maintenance and upkeep
costs over 30 years amount to only UAH 3.1 million.

The modelling results showed that despite the initial increase in mixture cost of 1-1.2%, the integral
NPV cc for the modified concrete is 24% lower than for the base option, owing to the following factors:

o Reduction of capital repair costs: Owing to the absence of rutting and cracks during the first 18 years,
expenditures on pothole repair and joint sealing are reduced by 40 %;

o Logistical synergy: The reduction of rolling resistance and the absence of pavement defects allow
hauliers to save up to 3% of fuel.

Thus, every 1% invested in special additives allows the road sector to obtain up to 40% savings on repair
works during operation over the first years of the service life cycle.

The proposed concept of road-concrete modification is a first step on the path to creating durable and
resilient transport corridors. The further development of this topic involves research into the influence of
new-generation PCEs on the rheology of concretes when Portland cement is partially replaced with
mechanically activated industrial by-products based on blast-furnace slag or fly ash and the study of the
influence of long-term cyclic loads on the fundamental properties of the cement matrix modified with PCE
and microfibre.

Conclusions

Based on laboratory testing, the positive effect of the additive complex has been confirmed, comprising
0.8% PCE MasterGlenium ACE, 0.05% AEM MasterAir, and 0.9 kg/m? polypropylene microfibres. Owing
to the steric repulsion effect of the binder particles, the water demand of the mixture was reduced to values
of W/C = 0.34. This provided an increase in compressive strength from 45.2 to 61.4 MPa, and in flexural
tensile strength from 4.4 to 5.4 MPa. In turn, the capillary-free matrix formed with energy-absorbing pore-
dampers made it possible to reduce the abrasion coefficient to 0.40 g/cm? and to raise the salt-frost
resistance indicator above the level of F300+, neutralising the destructive effect of “shear impacts” during
the braking of heavy machinery.
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The regularities of the kinetics of structure formation have been established and the process parameters
have been optimised. A sharp acceleration of early hydration of clinker minerals has been identified: the
modified cement concrete attains 68% of its design strength (equivalent to 35.4 MPa) as early as the 3rd
day of hardening, whereas the control composition without additives attains only 28% (12.6 MPa) by this
point. Such dynamics allow the blocking time of logistics routes to be shortened by a factor of four.

The overall NPV cc for the modified option is 24% lower compared to the base option. This provides a
reduction in road-sector expenditures on routine repairs and upkeep of 40.
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B. I1. Ouepernuit
I1. O. 3opn

BIIVINB CIIEHIIAJIBHUX MOJUPIKYIOYUX TOBABOK HA
EKCILTYATAIINHI XAPAKTEPUCTHUKH JJOPIKHOI'O
HEMEHTHOI'O BETOHY B YMOBAX CYHACHHUX
JIOT'ICTUYHUX BUKJ/IUKIB

BiHHMLbKUI HaUiOHanNbHUA TEXHIYHWI YHIBEPCUTET

Y Haykoeill cmammi meopemuyHO O0brpyHmMoeaHo ma eKcrnepuMeHmarnbHO MidmeepoXeHo eeKmueHiCmb
3acmocyeaHHs1 KoMmrnekca Modugikytodux 006asok Ons nidsUWEHHST eKcrilyamauitiHux ernacmusocmell O0POXHLO20
uemeHmobemoHy 8 ymosax iHmeHcugbikauii nosicmudyHux HagsaHmaxeHb. AKmyarbHicmb O0CNIOXKEeHHS 3yMoerieHa
npasosuM pPeXUMOM B0EHHO20 cmaHy 8 YkKpaiHi, sKkul crnpuduHue mnepebydo8y mMpaHCIOPMHUX Mapwpymie ma
36inbweHHs1 pyxy Hadsaxkux asmonoizdig. [JosedeHo, wo mpaduyiliHi acgharnbmobemoHHi nokpumms 3a makux ymos
WBUOKO rOWKOOXYHMbCSI 4epe3 HaKOMUYeHHs mninacmuyHux Oeghopmauili ma ymeopeHHs KositiHocmi. HadiliHoto
anbmepHamueol, 30amHow  eapaHmyeamu  6e3nepebiliHull  mpaH3um 8aHMmMaxie, BU3HAYeHO  MOHOJIMHI
uemeHmMobemoHHi numu, wWo yHKUIOHYoMb 5K MPYXXHi po3nodinbyi ennemeHmMu O0POXHLO20 0052y XOPCMKO20 mury
ma 3abe3neydytomb cmabinbHul 30-pivHUG )xummesul Yukn mazicmparned.

OcHogHy ysaey 30cepedxeHo Ha po3pobui ma nabopamopHil eepuikauii peuenmypu UeMeHmMHo20 KOMIo3umy 3
r01IiIKOMIOHEHMHUM MOOUiKy8aHHsM. Aemopamu dogedeHo cuHepeemuyHUl egpekm «mpiadu» 00b6agoK, WO 8K/ Yae
0,8 % nonikapbokcunam+ozo egipy MasterGlenium ACE, 0,05 % nosimpoemsieysanbHo20 moducpikamopa MasterAir ma
0,9 ka2/m? noninponineHoeoi Mikpoghibpu A ducrnepcHo2o apMysaHHs. 3a8dsiKU MexaHi3My CmepuYyHO20 8i0LMOBXy8aHHs
YacmuHOK 8’sXKy4o20 Ha HaHOopieHi AocsieHymo 3HWXeHHS eodoriompebu cymiwi 0o 3HaveHb B/L = 0,34. ®isuko-
MexaHIYHUMU 8urnpobyesaHHsIMU 3aghikcogaHO npupicm MiyHocmi Ha cmuck i3 45,2 do 61,4 Mla, a miyHocmi Ha po3msie
npu 32uHi — 3 4,4 0o 5,4 Mla. CchopmosaHa HadwjinbHa Mampuys 3 amopmusyroHumu rnop-oemngepamu 0o3eosnurna
3HU3UMU KoegbiyieHm cmupaHocmi 0o 0,40 2/cm? ma nidsuwemu conemopo3ocmilikicms 0o F 300, Helmpanizytodu
pyliHigHY Qit0 «3Cy8HUX yOapie» rnpu 2anbMy8aHHi 8aXXKOI mexHiku macoto rnoHad 40 MOHH.

Baxnueum  mexHonozidHUM — pe3ynbmamoM €  8CMAaHOBIEHHSI  3aKOHOMIpHOCmel  paHHbOI  KiHemuku
cmpykmypoymeopeHHsi. ModugikosaHuli 6emoH docsieae 68 % 6id npoekmHoi miyHocmi (35,4 Mrla) exe Ha 3-mio doby
meepOliHHSA, WO y 4 pa3u CKopo4Yye mepmiH b6/I0Ky8aHHS /102iCMUYHUX Mapwpymie ma ornmumi3ye mepMiHu Hapi3aHHs
OeghopmayiliHux weis.

EkoHomiuHy QouinbHicmb ckriadig nidmeepoxxeHo WiisixoMm ModesitoeaHHs1 gapmocmi xummesgozo yuksy (LCC) 3a 1SO
15686-5. Cmapmose nidsuwieHHs iHsecmuuilt Ha 210 muc. epH Ha 1 KM Mazicmpari yepe3 seedeHHs1 0obasok (1-1,2 %
8i0 sapmocmi cymili) MOBHICMIO HIBE/TIOEMbLCS 3HUXEHHSIM [HmezpasilbHO20 3Ha4YeHHs Yucmoi menepiwHboi eapmocmi
(NPV) Ha 24 %. e ameHwye sumpamu Ha pemoHmu Ha 40 % npomsieom nepwux 18 pokie ekcrinyamauii ma 3abesneyye
3 % ekoHoMIi nanbHO20 Ons1 Nepesi3HuUKis.

Knro4voei crnoea: asmomobinbHi dopoau, 0opoxHi bemoHu, ekcrinyamauitHi enacmueocmi O0POXHBL020 MOKPUMmMs,
HOpMamueHe cmamu4yHe HaBaHMAaXXEeHHS, MPoeKkmyeaHHs1 asmoodopie, nonimepHa ¢ibpa. nonikapbokcunamHi egipu,
rnogimposmsiaysaribHi Moducgbikamopu

Kosanvcokuin Bikmop Ilagnosuy — xaHauaaT TEXHIYHMX HayK, AOLEHT Kadeapu OyAiBHUITBA, MiCHKOTO
rOCIoAapcTBa 1 apXiTekTypu  BIHHHIBKOTO  HAIIOHANRHOTO  TEXHIYHOrO  yHiBepcuteTy,  e-mail:
kovalskiy.vk.vntu.edu@gmail.com ORCID 0000-0002-3103-6319.
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