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cements, containing 50-80% C2S, ensure up to 50 years of
pavement durability without major repairs. Laser analysis
revealed nanoscale colloidal calcium hydrosilicates (CSH) that
enable nearly complete cement hydration and provide unique
long-term material behavior: thixotropy (self-healing upon
micro-damage) and rheopexy (strengthening under traffic and
temperature variations). Monitoring of Kazakhstani concrete
roads confirms continuous hardening of belite-cement pavements
over 3546 years of operation, validating V. Michaelis’ 19th-
century theory on colloidal mineral binders for the first time in
practice.

Comparative analysis shows that traditional Portland cement
pavements (C3S up to 65%) last only 25-30 years due to partial
hydration, leaving up to 40% “Young microconcrete”, which
later hydrates and disrupts the crystalline structure. The study
demonstrates that nanoscale colloidal CSH phases are key to
long-term durability. Additionally, a new concept for extending
asphalt concrete service life is proposed: protecting bitumen from
aging and reinforcing the colloidal structure with belite powder.
Kazakhstan's long-term results (12-19 years without repair for
nanostructured asphalt concrete) confirm the high potential of
21st-century  nanotechnologies for climate-resistant  road
infrastructure.
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Tyiiinaeme

byn makamaga OenuTTi KON LIEMEHTTEpl HETi3iHAe CaIbIHFAaH aBTOMOOMIIb
Makana kenni: 01 | )KOJIJAPbIHBIH (QYyHAAMEHTANABl Ja3epilik 3epTreyliepi, HKCIEePUMEHTTIK
cayip 2025 _ | )KYMBICTap JKOHE Y3aK Mep3iMJi MOHHTOPWHT HOTHIKENEpl YCHIHBUIAMIBI.
ggﬂiﬁ?%% oM | Kypamsiama 50-80 % C2S Gap Genut reMeHTTepi ipi xeHaeycis 50 xpira
Ka6pumaner: 05 | JIGHIHT1 TeceM KbI3METIH KamTamachl3 erefi. Jlazepnik Tangay LIEMEHT
KpIpKy#ek 2025 TOHJACPIHIH 1C KY3iHAE TOJNBIK THAPATAHUICHIH KaMTaMachl3 ETETiH
HAHOOJIIEM 1 KOJUIOMATHI Kanbluil ruapocunukartapbiabie (CSH) Ty3inyin
aHBIKTabl. Byl KYpBUIBIMIAPIBIH €peKIie y3aK Mep3iMai KacuerTepi —
TUKCOTponus: (MUKpOOY3bUTyIap/iaH KeiiH ©31H-631 KallbIHA KENTIpy) KoHe
peoriekcust (KOJIK JKOHE TEeMIepaTypalblK ocepyiep Ke3iHAe HBIFaro)
nonenngenai. Kazakcranmarel  O€TOH  KOMJApbIHBIH 3546  KBUIIBIK
naiiganany ~ MoHutopunri V.  Michaelis  ycolHFaH =~ MuUHeEpanbl
OallIaHBICTHIPFBIINTAPABIH ~ KOJUIOMATHIK ~ TEOPHSCHIHBIH ~ ajifall  perT
MPAKTUKAIBIK TYpJle pacTalFaHblH KepceTTi. CalbICTRIpMATIBI  Tajaay
KopceTkeHnel, kypambiHga C3S 65 %-ra jeiiiH OoJaThlH  JOCTYpIi
MOPTIAHIIIEMEHT HET131HJIer1 KO KaMbIIFbIIapbl 25—30 KbUT FaHA KBI3MET
ereni, cebebi TonmblKk THApatanms okypmed, 40 %-ra geiiH  «kac
MUKpPOOETOH» Kajaabl, OJ KEHiH THIpaTalusyIaHbIl, KYPBUIBIMHBIH
Oy3bUTybIHA OKemNeadi. 3epTTey HOTHXKeNepl y3aK Mep3iMIl OepiKTUIIKTIH
Heri3ri gaxTopsl HaHoemmeMal CSH ¢dasanaps! exeHin kepcerti. COHbIMEH
Katap OWTYMHBIH KapTaloblH OasynaThbil, OENUT YHTAFIMEH KOJUIOMATHIK
KYpbUIBIMABl ~KYLIEHTY apKbUIbl acQaJbTOCTOHHBIH KbI3MET MEp3IMIH
apTThIPy TYXKBIPBIMJIAMAchl YCBIHBUIIBL. KazakcTaHmarbl y3ak Mep3imjii
HOTHOKeTep (HaHOKYPBUIbIMIBI achanbTOeToH yiIiH 12—19 kb1 keHaeyci3)
XXI Facelp HAHOTEXHOJNOTHSUIAPBIHBIH ~ KJIMMAaTKa  TO3IMII  KOJiK
WHGPAKYPBUTBIMBIH KB TACTHIPYIAFbl JKOFAPHI QJICYETIH JTOICIACH/II.
Tyiiin ce3mep: aBTOMOOWIH >KOIIapbl, (GyHIAMEHTAIIbl 3epTTeyiep,
KOJUIOUJITHIK KYPBUIBIM, OCTUTTI IIeMeHT OeToH, OenutTi achanbTOeToH,
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AHHOTAUUA

B cratbe mpencrtaBieHbl pe3ynbTaThl (DyHIAMEHTATbHBIX JIA3€PHBIX
UCCIIEIOBAaHUM, AKCIEPUMEHTAJIbHBIX pabOT M JIOJIFOCPOYHOTO
MOHHUTOPHHIa aBTOMOOWJIBHBIX JOPOT, MOCTPOCHHBIX C MPUMEHEHHEM
OETOHOB Ha OCHOBE OEJIUTOBBIX JOPOKHBIX ILIEMEHTOB. LleMeHTHl,
conepxarmue 50—80 % C2S, obecrneunBarOT TOJITOBEYHOCTh MOKPBHITHS
no 50 ser 0e3 KamMTaabHOro peMoHTa. JlazepHbli aHaIU3 BBISBUI
(¢bopMUpOBaHME  HAHOPA3MEPHBIX  KOJUIOMJIHBIX  THJIPOCHUIMKATOB
kanbius (CSH), obecnieunBaromux MpakTUYECKU MOTHYIO THAPATAIUIO
LIEMEHTHBIX 3epeH U (HOPMUPYIOIINX YHUKAJIbHBIE CBOMCTBA MaTepuaa:
TUKCOTPOIMIO (CaMOBOCCTAaHOBJIEHUE II0CJIE€ MMKPOpa3pylIeHU) Hu
peornekcuio  (YIpOYyHEHUE TOJ  BO3JACHCTBHEM  TpaHCIOpTa U
TEMITEpaTypPHBIX Kosie0aHuil). MonuTopHHT Ka3aXxCTaHCKHUX
aBTOMOOMIIBHBIX IOPOT B TedeHHe 35—46 NneT MOATBEPIUIT HETIPEPHIBHOE
YIPOYHEHHE 0eInuTOBOrO LIeMeHTOOeTOHa U BIIEPBBIE
SKCHEPUMEHTAIBHO JOKa3all MPUMEHUMOCTh KOJUIOMJHOM TEOpuH
MHUHEPaTIOKOMIIO3UTOB V. Michaelis.
[IpoBeneHHBIN CpPaBHUTENBHBIN aHANIMU3 TOKa3al, YTO TOKPBHITUS Ha
noptinanaiemente (C3S mo 65 %) cayxat aumb 25-30 JeT, TOCKOIbKY
HEMoJIHas TUIpaTalus NpUBOIUT K popmupoBanuto 10 40 % «momnoaoro
MHUKpPOOETOHa», M03/IHEE Pa3pyIIAlOIIEro KPUCTANINYECKYIO CTPYKTYPY.
Y CTaHOBIIEHO, YTO OCHOBY JIOJIFOBEYHOCTH COCTABIIIIOT HAHOPA3MEPHBIE
¢da3er CSH. Kpome Toro, mpennoskeHa KOHIICTITUS YBEIMYECHUSI CPOKa
cnyx0bl acanbToOeTOHa IMyTeM 3alluThl OWTyMa OT CTapeHUs Hu
YCUJIEHUS  KOJUIOMJHOM  CTPYKTYpbl  OEIUTOBBIM  MHUHEPAIbHBIM
MOpOIIKOM. /lonroBpeMeHHbIe pe3yNbTaThl SKCcIuTyaTanuu B Kazaxcrane
(12-19 ner 6e3 peMOHTa) MOATBEPKIAIOT BBICOKYIO MEPCHEKTHBHOCTh
Ha"HoTexHoJoru XXI Beka g Cco34aHMS  KIMMAaTOYyCTOMYMBOM
TPAHCIIOPTHON MHPPACTPYKTYPHI.

KiroueBble cj0Ba: aBTOMOOWUIBHBIE JOpPOTH, (yHIAMEHTAIbHBIE
WCCTIEOBaHMs, KOJUIOMIHAS CTPYKTypa, OENMMTOBBIA IIEMEHTOOETOH,
6eIuTOBBIN ac(aabTOOETOH, YIKOJIOTHSL.
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1. Introduction

By the end of the 20th century, an intensification of traffic flows led to a two- to three-fold
increase in loads on highway pavement systems, resulting in a significant reduction in their
operational lifespan. Traditional cement-concrete pavements demonstrated durability of only 25—
30 years, while asphalt-concrete pavements on rigid concrete bases required rehabilitation every
10-12 years, with surface repairs typically performed every 5-6 years. These trends contradicted
the strategic global concepts of “eternal roads” (USA) and “long-life pavements” (EU), according
to which road infrastructure should remain operational for 50 years or more, ensuring economic
feasibility over its lifecycle. To achieve this goal, road structures must exhibit increased bearing
capacity from the foundational layers upward, as well as enhanced durability against mechanical
and climatic stresses [1].

In response to these challenges, Kazakhstan has developed alternative road construction
technologies based on nanostructured asphalt-concrete and belite-cement concrete systems
featuring colloidal reinforcement mechanisms. Long-term field observations demonstrate that such
pavements are capable of sustaining stable performance for 35-50 years or more, providing
significant resource and energy savings.

The widespread implementation of advanced belite cements produced from thermally
processed industrial mineral waste presents a promising research direction. Unlike traditional
Portland cement systems, belite-based binders possess latent hydraulic activity and contribute to
long-term structure formation. Furthermore, recent scientific investigations in asphalt-concrete
technology increasingly focus on modifying binders through polymers and bitumen additives.
However, it is now well established that the functional binder is not pure bitumen, but rather a
composite asphalt binder composed of bitumen and finely dispersed mineral powder. Mineral
particles with a specific surface area of up to 3000 cm?/g form a colloidal medium with bitumen,
enabling thixotropic behavior and providing enhanced cohesion.

Colloidal mineral binder systems demonstrate two fundamental rheological properties
highly relevant to pavement longevity: thixotropy, ensuring reversible self-healing after structural
disturbance, and rheopexy, facilitating progressive strengthening under cyclic traffic and thermal
loads. These mechanisms form the scientific foundation for the development of climate-resistant
nanostructured road materials capable of ensuring long-term pavement performance under severe
continental climatic conditions.

The purpose of this research is to substantiate and experimentally confirm the efficiency of
belite nanotechnology-based cement and asphalt-concrete materials for creating climate-resistant,
environmentally friendly transport infrastructure with an extended life cycle.

2. Materials and Methods

The research methodology integrates fundamental laser diagnostics, laboratory testing, and
long-term monitoring of road pavements constructed with belite-based nanostructured concretes
and asphalt-belite composites. A series of experimental studies was carried out to identify the
physicochemical mechanisms responsible for long-term strengthening and self-healing properties
of colloidal calcium hydrosilicates (C-S-H) in belite cements.

Laser microstructural analysis was used to examine hydration morphology, nanoscale
colloidal formations, and the kinetics of C-S-H development within cement stone. X-ray
diffraction, differential thermal analysis, and scanning electron microscopy were applied to
identify mineral composition, phase transformations, and the evolution of colloidal gel structures
under varying temperature-hardening regimes. Cement and composite samples were subjected to
normal curing, low-temperature exposure (from +5°C to —10°C), and repeated freeze-thaw cycles
to model long-term operational conditions.

Mechanical testing included compressive and flexural strength assessments at different
concrete ages (up to 180 days) and after durability cycles. Additional monitoring involved core
extraction from road sections aged 12—46 years, with comparative evaluation of strength recovery,
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thixotropy, rheopexy, and frost resistance (up to MRZ-200). Asphalt-belite mixtures with varying
cement and bitumen content were tested under temperature gradients from —10°C to +50°C to
determine plasticity, modulus changes, and binder-powder colloidal behavior.

Long-term field monitoring was conducted on highways built between 1976-1984 and
2005-2016, including Astana—Borovoe and regional road sections. The collected data enabled
verification of self-healing capacity, year-round construction feasibility, and the potential for
extended service life exceeding 35-50 years.

3. Results

The idea of creating a stronger foundation than the coating is not new. The prospects for
using industrial man-made mineral waste (hereinafter referred to as IWM) in combination with
cement or cement dust, lime and other activators have been repeatedly noted in the works of
Kazakh and Russian scientists [2,3]. Below are the main results of road research and testing,
confirming the durability of road concretes based on belite cements and their TMO, used in road
construction in Kazakhstan, the strengthening of which has been ongoing for more than 35-40
years. (Figure 1).

MPa

3]
-go ) — ___ﬁ';"?/_—’—‘ ERPCT S i
% = ///,. 1 I
% 20 ’D/A/r‘
s ///5
§ 10
’ 10 20 = = .

Core test results by year
Figure 1. Kinetics of strength gain of self-healing concrete road pavements with a wearing
layer made of asphalt concrete on highways built in 1976-1984 : where 1, 2, 3 are
respectively on belite cements from TMO: fly ash from thermal power plants, bauxite sludge
and granulated slags [own material]

Table 1 shows a comparison of the chemical and mineralogical compositions of traditional
Portland cements (hereinafter referred to as alitite cements) and slow-hardening high-tech cements
(hereinafter referred to as belite cements).

Table 1. Chemical and mineralogical compositions of alite Portland cements and slow-hardening
belite cements cements.

Types Chemical composition, mass %
cements CaO SiO, Al,O; Fe,O4

Alite 60-67 17-25 3-8 0,2-6

Belit 33-46 39-61 3-10 3-5
Mineralogical composition, mass %
C;3S (Alit) C,S (Belit) C:A C,AF

Alite 40-75 5-25 2-15 5-20

Belit 10-35 60-85 3-5 2-7

Note: Conventional names of cements are given according to the predominant content of minerals:
C,S - alite, C,S - belite.

Physicochemical studies have confirmed [4-7] that the mineralogical composition of belite
cement stone consists predominantly of colloidal calcium hydrosilicates of the C-S-H type
compared to the crystalline neoformations of Portland cement. The formation of the structure of
slow-hardening cement stone during its hardening over 8 years is shown for clarity in photographs
of fractures of cement beams tested for tensile strength under bending, shown in Figure 2. The
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nature of the slow decomposition of cement grains and the emergence of neoformations Is clearly
visible in the photographs (Figure 2).

Figure 2. Photographs of fractures of samples hardened under normal conditions and tested
after: a) — 1 year; b) — 3 years; c) — 6 years; d) — 8 years [own material]

Figure 2a clearly shows undecomposed cement grains and grains with a formed peripheral
shell, which gradually grows (see Figure 2b) and transforms into amorphous gel-like formations
(see Figure 2c). The amorphism of these formations is due to the fuzziness and blurriness of their
edges and their disordered growth in all directions. Along with amorphites, single C-S—H crystals
are observed (see Figure 2b). In immersion, the gel is a colorless isotropic mass with a refractive
index of 1.330-1.567. The number of gel-like formations in the samples increases with increasing
age. However, even after 8 years of hardening under normal conditions, unhydrated grains are
observed in the cement samples, indicating the potential for further hardening of the cement. The
radiographs of belite cement stone shown in Figure 3 confirm the obtained data.

Figure 3. X-ray diffraction patterns of belite cement stone samples hardened for 3 months at
temperatures of +5°C; 0° C; -5°C; -10° C. Where: a) — after 1 month of exposure to normal
conditions; b) — without exposure to normal conditions [own material]

Thus, regardless of the temperature conditions of hardening of belite cement stone (within
the experimental limits) and the curing period, the phase composition of the new formations does
not undergo any significant changes. The slowing down of the cement hydration processes with a
decrease in the hardening temperature is evidenced by the decrease in the diffraction line
corresponding to an interplanar distance of 3.027 A, compared to 3.039 A during hardening at
positive temperatures, described in detail by H.F. Taylor [8].

Figure 4 shows the test results for a number of samples 5, 6, 7, 8 compared to samples that
were continuously hardened under normal conditions - 2.
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Figure 4. Kinetics of change in the strength of belite cement stone samples over time:
2 — constantly under normal conditions; 5, 6, 7, 8 — pre-aged for 1 month under normal
conditions, then respectively at +5°C; 0°C; -5°C, -10°C, then again under normal conditions:
a — compressive strength; b — tensile strength in bending [own material]

Data shows that low positive and negative temperatures slow the hardening process of
cement previously cured under normal conditions. Moreover, the lower the curing temperature, the
slower the strength gain.

The greatest degradation of road concrete occurs during alternating freezing and thawing,
with temperatures crossing 0°C. Therefore, the primary requirement for road concrete is its frost
resistance during long-term road use.

In July 2016, a survey of test sections of roads constructed using cinder concrete
pavements with a cold asphalt wearing course was conducted. The roads were found to be in good
technical and operational condition, with no potholes or subsidence, but with expansion cracks
occurring at intervals of 12-15 running meters . In some areas, the edge of the asphalt pavement
has been damaged. Cinder concrete bases, which have been in service for 39-40 years, show no
deformations other than expansion cracks.

Fegolevo-Zhdanovo road were conducted in the spring of 1989, 13 years after
construction. A survey conducted in July 2016, 39 years later, showed that the test section is in
good operational condition. Longitudinal and transverse cracks are present. The distance between
transverse cracks, compared to 1989, has decreased to 12-15 linear meters, with an opening width
of 2-1/2-3 mm. In some areas of the asphalt concrete wearing course, there are potholes, but the
cinder concrete is in good condition and free of any defects. A core sample was taken, cutting out
concrete for beam tensile testing. No repairs have been performed on this road during its 39 years
of operation.

Figure 5. Photo — 2016. Testing of beam samples made from cuttings of the bottom layer of
cinder concrete pavement for bending strength (the structure of the beam is non-uniform -
the filler is a local gravel-sand mixture) [own material]

In the table 2, the results of testing cores drilled in 1989 from the bottom layer of concrete
pavement and beams made from concrete cuttings in 2016 of the Fogolevka-Zhdanovo highway,
built in December 1977, are presented.

Table 3. Results of testing cores from 1989 and beams from 2005 from the bottom layer of
concrete pavement of the Fogolevka—Zhdanovo highway
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Name of the measured Core testing 1989, MPa, Testing of core beams in 2016, MPa, (the
indicator (‘the concrete is 12 years old ) concrete is 39 years old)
Compressive strength 36.4; 36.7; 36.5 48.6; 49.0; 48.8
Average 36.5 (M 350) Average 48.8 (M 450)
Bending strength - 8.6; 8.3

The results of a study on the construction technology of cinder concrete pavements with an
asphalt concrete wearing course in winter and the monitoring of test road sections constructed in
summer and winter are confirmed. This demonstrates that cinder concrete road pavements exhibit
self-healing properties and long-term strengthening under constant dynamic vibration loads,
including traffic and climatic loads, over many years of road operation. Figure 1 presents the test
results of cinder concrete bases on several road sections constructed between 1976 and 1984.
Cinder concrete hardening occurs over a period of 30-40 years during road operation.

The results we obtained from petrographic, X-ray structural (Fig. 2), differential thermal
analysis and observation using a scanning electron microscope showed that during the hardening
of belite cements, the main structure-forming new formations in concrete are colloidal low-basic
calcium hydrosilicates of the C-S—H type [6].

4. Discussion

The obtained experimental results allow us to assume that of all the theories of hardening
of mineral binders, the colloid-chemical theory of V. Michaelis can be distinguished [6], which
will obviously be more justified in explaining the hardening processes of belite cements.

At normal temperatures, C-S—H hydrosilicates form as lamellar colloidal submicrocrystals
with an average length of approximately 10,000 A (1 um), and width and thickness of 360-560 A
and 20-30 A, respectively. Due to the very small size of hydrosilicates and their ability to adsorb
water on their surface, hydrosilicates exhibit colloidal properties. Water loss or saturation is
accompanied by a change in the distance between the layers of the C-S—H hydrosilicate crystal
lattice, which leads to changes in the material's strength. Further exposure of the material to humid
conditions ensures moisture adsorption by the gel, replenishment of the binding water films
between the hydrosilicate lattice layers, and restoration of the material's strength. Therefore, belite
road concretes exhibit self-healing properties, regardless of temperature and climate changes and
dynamic traffic loads.

The main structure-forming component in belite cement stone is low-basic calcium
hydrosilicates C-S—H, which are an amorphous adhesive of nano-sized sizes [6-9], possessing the
property of long-term thixotropy.  Concrete is the most common building material, a
nanostructured multiphase composite that matures over time. It consists of an amorphous phase,
crystals ranging in size from nano- to micrometers, and bound water. The properties of concrete,
as well as its degradation characteristics, exist across a multiscale range (from nano- to micro- and
macro-levels), with the material properties at each level being formed based on the properties of
the previous, smaller-sized cell [9-10]. The amorphous phase of calcium silicate hydrate (C—S—H)
is the "glue” that binds the components of concrete together [11, 12] and is itself a nanomaterial.
Recently, due to interest in the formation of stable concrete structures [9, 13, 14], much attention
has been paid to the nanoscale modification of the C-S—H structure to create hybrid, organic,
cementitious nanocomposites. The layered structure and the tendency of silicon chains (except
tetrahedral) to have structural defects in C—S—H [9,11] open the possibility of introducing a variety
of organic molecules into the basic C-S—H structure. Three schemes have been proposed for
hybridization or introduction of "guest molecules” into C-S—H. The first scheme interpolates
organic molecules into the C-S—H layer [15].

We have investigated the following properties of belite nanocements, as self-healing, with
the aim of developing the technology of road construction work at various temperatures for year-
round construction and operation of highways.

This is also confirmed by the change in the amount of tightly bound water in the cement
stone of samples maintained at different temperature conditions (Figure 6).
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Figure 6. Kinetics of changes in the amount of tightly bound water in belite cement stone
during hardening at different temperatures: where 2 is constant under normal conditions, 5,
6, 7 and 8 — initially one month under normal conditions, then three months at temperatures:
+5°C, 0°C, -5°C and -10° C and again three months under normal conditions [own material]

The results of changes in the amount of strongly bound water in the cement stone (Figure
6), established by measuring the mass loss of samples after their calcination at 1000°C, previously
kept at 105°C, confirm the following. The kinetics of changes in strength (Figure 3) and the
amount of strongly bound water (Figure 6) of the cement stone, depending on the temperature of
sample holding, are similar, which confirms the reliability of the theoretical assumptions about the
self-healing properties of belite cement. When holding the cement stone at low temperatures
(samples 5-8), the decrease in strength (Figure 3) is accompanied by the displacement of strongly
bound water (Figure 6) from fibrous new formations in the amount of 10-30% of the mass of
moisture present in their capillaries, and with further holding under normal conditions their
quantity and the strength of the cement stone are restored within one month. After further curing
under normal conditions for three months, the strength and amount of tightly bound water exceed
those of normal curing samples. This indicates an intensification of cement grain hydration
processes and an increase in the dispersion of new formations at low curing temperatures, which
also increases the strength of cement stone and concrete (Figure 3).

Figure 7 shows the results of strength tests of various road concrete compositions
depending on the amount of belite cement, which confirm the conclusion about the long-term
increase in concrete strength over 2 years.
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Figure 7. Kinetics of strength gain of road concrete over time depending on the amount of
belite cement: 1, 2, 3, 4,57, 10, 12, 15 and 18 % by weight of cement, respectively [own
material]

When testing 90-day-old concrete samples for frost resistance, up to 200 freeze-thaw
cycles were performed. As Figure 13 shows, there is a slight decrease in strength due to moisture
being squeezed out of the capillaries and a decrease in its volume. Upon further curing of the
samples under normal conditions, the concrete strength is fully restored and even exceeds that of
90-day-old samples (Figure 8).
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Figure 8. Self-healing strength of road concrete tested for frost resistance (MRZ-200),
depending on the amount of belite cement: 1, 2, 3, 4,57, 10, 12, 15 and 18 wt.% cement
with a C,S content of 75-80 % [own material]

Belite road concretes harden slowly compared to traditional alite cements, but their
strength properties at 180 days are virtually comparable, and the deformation properties of belite
concrete even exceed those of alite concrete. Moreover, flexural tensile strength is 31% higher,
and the elastic modulus is 5000 MPa lower (Table 4).

Table 4. Comparison of performance indicators: road cement concrete and slow-hardening road
concrete on belite cement

Composition of road concrete, wt. %

Ultimate strength at the age of 180

Crushed stone days , MPa Modulus  of
fractions, mm: Sand Cement,% (average of 3) elasticity E |
M pr= 25 MPa
510 | 10-20 Reomp Rpend Rbend/ Reomp
15 34 29 Belite cement, 15% 30.9 5.9 0.19 30,000
15 34 29 AlltZchTse(;:, M 30.0 45 0.15 35,000

The high deformative properties of slowly hardening concrete indicate high dispersion and
tensile strength (cohesive bond) of new formations of cement stone of belite cements (Figure 9).

Figure 9. Mlcrostructure of cement stone: on the left — alite cement stone, after 28 days, E —
ettringite crystals , CSH — C-S-H fibers [6]; on the right — belite cement stone [7]: a — after
28 days; b — after 90 days, tube (*) CSH; c — after 180 days, C-S-H fibers. Fiber sizes are
0,3-0,5 nanometers. (Electroscope — magnification 25000) [own material]

X-ray diffraction, thermographic (not shown), and electron microscopic studies, shown in
the photograph (Figure 9), confirm that in such concretes, the aforementioned technological and
operational advantages are primarily due to the gel-like curing structure of belite cements . In
contrast, in the structure of traditional alite Portland cement stone, the small amount of gel-like



Ka3AXKU uncrutyteinbig Xabapisicsl. Ne3 (11) 2025 ISSN 3005-4974, E-ISBN: 3005-4966

calcium hydrosilicates fills only the free space within the main framework formed by the
intergrowth of large crystalline hydrates.

Table 5. Results of selection of asphalt-belite concrete mixtures for the construction of the
Astana-Borovoe highway

Ne Materials used in the mixture, %

Compositi Asphalt Crushed blast Crushed blast Belit Activator

on of the concrete furnace slag furnace slag powder cement Water Bitu

mixture granules fraction 5-20 fraction 20-40 M-400 men

1 40.0 10.0 30.0 20.0 2.0 5.0 2.0
2 40.0 10.0 30.0 20.0 2.0 5.0 0
3 30.0 20.0 30.0 20.0 2.0 5.0 2.0
4 50.0 10.0 25.0 15.0 2.0 4.0 2.0
5 50.0 10.0 25.0 15.0 2.0 4.0 0
6 60.0 10.0 20.0 10.0 2.0 3.0 2.0
7 70.0 10.0 10.0 10.0 2.0 3.0 2.0
8 70.0 10.0 10.0 10.0 2.0 3.0 0

Table 6. Strength of samples of asphalt-mineral concrete cores cut from the base of the Astana-
Borovoe highway (of different ages)

Age of the sample Compressive strength R,,, MPa at t°C

20°C 50°C 0°C -10°C
7 days 4.81 2.29 7.4 7.9
2 years 9.44 3.32 12.5 18.6
3 years 13.15 4.22 13.8 22.5

The test results presented in Tables 5 and 6 showed that the addition of 2% bitumen is
excessive; strength decreases and bitumen separation appears on the road. Therefore, the road was
built using composition Ne8; with a maximum amount of asphalt granulate up to 70%. The
strength of asphalt belite concrete, the strength of which is strengthened during the operation of
roads up to M15-20 (within the experiment of 3 years) and exceeds the strength of traditional
asphalt concrete by 3-5 times, depends on the core test temperature (Table 7). This indicates that
the elastic-plastic properties of asphalt concrete are preserved at the microstructure level in asphalt
belite concrete and bitumen molecules are embedded in the colloidal structures of calcium
hydrosilicates C-S-H, which is confirmed in the works of the USA, Czech Republic and others [8-
15].

Nanostructured asphalt concretes and road concretes based on nanostructuring powders
and cements meet the requirements of modern concepts of “eternal roads” and “roads with a long
service life” in the USA and EU countries, which make it possible to build road structures with a
service life of at least 50 years [2,5].

The innovative concept of road construction (road structures) provides for complete
resource conservation at all stages of the road's life: during construction, repair, and
reconstruction, with the complete recycling of all materials and their reuse.

5. Conclusion

Belite cements, with a predominant content of two calcium silicates (C,S-belite up to 50-
80%), demonstrate high durability of concrete based on them in road construction, potentially up
to 50 years or more, compared to alite (C3S up to 65%) Portland cements, which have a shorter
service life of 25-30 years for cement concrete roads.

The uniqueness of belite cements, characterized by the formation of a colloidal structure
with nanosized calcium hydrosilicates CSH, ensures almost complete hydration of cement grains,
due to which the colloidal structures have the properties of long-term thixotropy (self-healing
upon destruction) and long-term rheopexy (strengthening under the influence of transport loads
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and seasonal temperature changes), which ensures the elimination of premature destruction in
concrete, exclusively under the conditions of long-term operation of concrete roads.

Research conducted for the first time in Kazakhstan confirms the effectiveness of the
theory put forward by the French scientist V. Michaelis regarding the strengthening of mineral
binders with a predominant content of colloidal structures. This theory was proposed 180 years
ago, but has not yet found practical application.

Monitoring of roads constructed from belite nanostructured cement concrete and asphalt-
belite concrete under real conditions, which continues to strengthen the concrete for 35-46 years,
demonstrates their effectiveness and confirms the conclusions of the VI Prague International
Forum: "Road layers can be constructed from 100% old asphalt concrete."

Global concerns about environmental pollution can be reduced by producing
environmentally friendly belite cements, eliminating the need to fire alite Portland cement clinker ,
and replacing them with thermally processed by-products from large-scale industrial metallurgical
and energy production. Global alite cement production contributes 7-10% of global atmospheric
CO? emissions.

The transition to environmentally friendly, cold, nanostructured asphalt concrete in road
construction, eliminating toxic gases both during construction and during long-term operation
from heating of asphalt concrete road surfaces, will ensure protection from air pollution in large
cities.

Research suggests that the use of belite cements and asphalt-belite binders in road
construction could result in more durable infrastructure, reminiscent of the durability of ancient
Roman concrete.
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