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Abstract

Introduction. When studying composite materials for construction purposes, it is needed to consider the mechanisms of
formation of the structure and properties of modern concretes in the process of strength development. In studies of modern
composite materials based on cement binder, there is no information about the development of structural defects and
destruction of the material at the initial stages of strength development. This information can be obtained using X-ray
computed tomography, a promising method of nondestructive testing of the state of the material. Therefore, the objective
of this work was to study the formation and propagation of cracks in samples of fine-grained concrete with different
fractional composition of sand due to natural processes of cement shrinkage, as well as the mechanics of destruction of
samples of modified fine-grained concrete when applying a compressive load at the early stages of strength development.
Materials and Methods. The study used fine-grained concrete mixtures of three compositions with different sand
gradation. The tomography samples were made by placing fresh mixtures in polymer cylindrical containers. Tomography
of the samples immediately after manufacture, as well as after 8 and 51 days, was performed in a YXLON Cheetah
microfocus X-ray machine. The composition with two-fraction sand was modified by mechanical activation of the
components, 20x20x20 mm cube samples were made. Further, compression tests were performed at the Instron
installation after 3 and 7.5 hours, and then — tomography of the destroyed samples.

Results. 1t was established that the destruction of contact zones depended on the ratio of the size of the fractions. In the
presence of a bulk of coarse sand grains in concrete, the destruction of contact zones was more pronounced and had a
main mode. When using fine or polyfraction sand, contact zones were destroyed locally and had a visually smaller area.
The images of the destroyed modified sample, tested 3 hours after manufacturing, showed clear cracks and indents on the
edges, which indicated the elastic-plastic nature of the destruction. In 7.5 hours, the edges of the sample upon destruction
were covered with a network of small cracks; inside the sample there were also numerous cracks and microcracks, which
indicated brittle fracture. Based on the obtained images of the deformed structure of modified concrete, the mechanism
of transition from elastic-plastic destruction of the material to brittle one was clearly visible.

Discussion and Conclusion. The studied dependences of the influence of the size of fine aggregate on the mechanisms
of formation and propagation of structural defects contribute to the theory of the processes of destruction of fine-grained
concretes. The results obtained prove the prospects of using X-ray computed tomography as a method of nondestructive
testing of the internal structure of fine-grained concrete, including at the early stages of strength development.
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AHHOTanUs

Bgeoenue. I1pu n3ydeHNH KOMIIO3ULIMOHHBIX MaTEpHAJIOB CTPOUTENBHOTO Ha3HAUEHHs aKTYaJIbHBIMHU SIBJISIOTCS HCCIIE-
JIOBAaHHS MEXaHN3MOB ()OPMUPOBAHUS CTPYKTYPHI U CBOMCTB COBPEMEHHBIX OETOHOB B Ipoliecce Habopa nmpodHocTH. B
HCCIIEIOBAaHNUAX COBPEMEHHBIX KOMITO3UIIMOHHBIX MAaTEpHAIOB Ha IEMEHTHOM BSDKYIIIEM OTCYTCTBYIOT CBEJCHHUS O pa3-
BUTHH JIe()EeKTOB CTPYKTYpHl M Pa3pylICHHH MaTepualla Ha HadalbHBIX CpoKax HaOopa mpodHocTH. Takue cBeneHHs
MOJKHO TTOJIyYHTH C IIOMOIIbI0O PEHTTEHOBCKOH KOMIBIOTEPHON TOMOTpaduy — MEPCIIEKTUBHOTO METO/Ia HEpa3pyIaro-
IIeT0 KOHTPOJISI COCTOSIHMS MaTepuraia. [1o3ToMy 1enbio qanHo#H paboThl SIBUIIOCH M3Y4YeHHE 00pa3oBaHuUs U PacpocTpa-
HEHHUs TPELIMH B 00pa3nax MENKO3epHUCTOro OETOHa C Pa3IHMYHbIM (PAKIIMOHHBIM COCTaBOM II€CKa BCIIEACTBHE €CTe-
CTBEHHBIX ITPOLIECCOB yCaAKH LIEMEHTHOT'O KaMHSI, a TAK)KE MEXaHUKH pa3pyIleHus: 00pa3oB MO(PUIIPOBAHHOTO MEJ-
KO3EpHHUCTOro OETOHA MPH NPUIIOKESHUH C)KUMAIOLIEeH Harpy3Ky Ha paHHUX CpPOKax Habopa MpOYHOCTH.

Mamepuanvt u memoovl. B uccienoBaHNM UCTIOJIH30BATUCH MEJIKO3EPHUCTHIE OETOHHBIE CMECH TPEX KOMITO3HITHH ¢
Pa3IMYHBIM TPaHYJIOMETPUYECKHM COCTaBOM Iecka. O0pasisl 11t ToMorpaduu ObUIH M3rOTOBIICHBI IIyTEM ITOMeEIle-
HUS CBEXKUX CMecCeil B MOJIMMEpHbIE IUIHMHIPUIECKHE KOHTeHHEephl. ToMorpadus oOpas3moB cpasy mocie U3roToBiIe-
HUS, a Takxke epe3 § u 51 cyTku nmpoBoamiIack B MUKpOo(OKycHO# peHTreHoBcKor ycranoBke Y XLON Cheetah. Co-
CTaB ¢ OBYX(PAaKINOHHBIM MECKOM OBUI MOIMU(HUIMPOBAH MEXaHWYECKON aKTHBAaIWEH KOMIIOHEHTOB, M3TOTOBJICHEI
00pasubl-kyoukn 20%20%20 mm. [lanee Ha ycTaHOBKe Instron mpoBeIeHBI HCIBITAHUS HA CKaTHE depe3 3 U 7,5 JacoB
1 3aTeM — ToMOTpadus pa3pymIeHHBIX 00pa3IoB.

Pesynvmamut uccnedosanus. Y CTaHOBICHO, UTO pa3pylICHHE KOHTAKTHBIX 30H 3aBUCHT OT OTHOLICHUS pa3MepoB (pax-
. B npucyTeTBUM 60IBIIOr0 KOMNYECTBA KPYITHBIX YAaCTHUI] [IECKa B Telle OeTOHA pa3pyllIeHie KOHTAKTHBIX 30H Oojee
BBIPKEHO M UMEET MarucTpajbHbIid Xapakrep. [Ipy UCIoap30BaHUN MEJIKOTO MM NOJIH(PAKIHOHHOTO MeCKa KOHTAKT-
HBIE 30HBI Pa3pyIIAIOTCS JOKAIFHO U UMEIOT BU3YalIbHO MEHBIIYIO IIoma b. Ha n300pakeHnsIX pa3pyIeHHOTO MOJIH-
¢unmpoBaHHOTO 00pa3ia, UCIBITAHHOTO Yepe3 TPH Yaca IOCIe M3TOTOBJICHUS, MPOCISKHUBAIOTCS YETKUE TPELIMHBI U
BBIKOJIBI HA TPAHSX, YTO TOBOPUT 00 YIIPYTro-TUIACTHYECKOM XapakTepe paspyiienus. Yepes 7,5 yacoB rpanu obpasiia npu
pa3pyLICHUH MOKPBIBAIOTCS CETKOM MEJKHX TPEIIUH, BHYTPH 00pasiia Takke 00pa3yeTcss MHOKECTBO TPEIIUH U MUKPO-
TPEIINH, YTO CBUJETEICTBYET O XPYNKOM paspymeHun. 11o momydeHHbIM n300pakeHHsIM 1e(OpPMUPOBAHHON CTPYK-
TypBl MOAM(UIMPOBAHHOTO OETOHA HATILITHO MPOCIEKHUBACTCS MEXAHN3M IIEPEX0/a OT yNPYTO-IUIACTHUECKOTO paspy-
LIEHUS] MaTepHalla K XpyIKOMY.

Oécyyncoenue u 3akniouenue. VizydeHHbIe 3aBUCUMOCTH BIHMSHHS pa3MEPOB MEIIKOTO 3aMOJHUTENS HA MEXaHU3MBI 00-
Pa30BaHMs U PaCHPOCTPAHEHHS 1e(eKTOB CTPYKTYPhI BHOCAT BKJIa ] B TCOPHIO IIPOLIECCOB PAa3PYIICHHS MEJIKO3EPHHUCTHIX
6etoHOB. [lomy4eHHbIE pe3yIbTaThl IOKAa3bIBAIOT IEPCHEKTUBHOCTD IIPUMEHEHUS PEHTTCHOBCKOI KOMITBIOTEPHOM TOMO-
rpadgun Kak METo/a Hepa3pyIlalomero KOHTPOJIsl BHYTPEHHEH CTPYKTYpPhl MEJIKO3EpPHUCTOrO OETOHa, B TOM 4YHCIIE Ha
PaHHUX CPOKax HabOpa IMPOYHOCTH.

KuioueBble cj10Ba: peHTTEHOBCKast KOMITBIOTEPHAs TOMOTpadus, MEJTKO3EPHUCTBII OETOH, e opMaliys, yIpyro-IiacTHuecKoe
pa3pylIeHHe, XPyIKoe pa3pyIleHHe

BaaroaapHocTu. ABTOPHI BeIpakaroT OmarogapHocTs [lunseBoit Mapuu Bragumuposue, Korait Anmunae JIMutpueBHe
3a MOMOIIb B IPUTOTOBJIEHUH 00Pa3oB KOMITO3UIIMOHHBIX MAaTEPHAIOB /ISl IPOBEICHHS HCCIEOBAaHUI CTPYKTYpHI Ha
PEHTTEHOBCKOM KOMIIBIOTEPHOM TOMOTrpade.

Jas uurupoBanust. [TyzaroBa A.B., [Imurpriea M.A., Tosmirer A.O., Jlefiiwm B.H. VccnenoBanne mpomeccoB BOIIOIHH
Ie(eKTOB CTPYKTYPHI MEIIKO3EPHUCTHIX OETOHOB METOJaMH KOMITBIOTEPHOH ToMorpadun. Advanced Engineering Research
(Rostov-on-Don). 2024;24(3):227-237. https://doi.org/10.23947/2687-1653-2024-24-3-227-237

Introduction. X-ray computed tomography is a promising technique of nondestructive testing of the state of the
material. In the concrete industry, tomography is suitable for determining the structure of concrete samples, microcracks,
internal fractures, and studying the distribution of pores and aggregate particles. X-ray computed tomography provides
the construction of a model of the microstructure of cement paste, allows us to study the development of cement hydration
processes [1, 2], to make forecasts of the formation of mechanical characteristics and fracture conditions [3, 4]. Computed
tomography is actively used for studying the average density and porosity of high-strength lightweight concretes [5], the


https://vestnik-donstu.ru/
https://doi.org/10.23947/2687-1653-2024-24-3-227-237
https://orcid.org/0000-0002-3798-4969
https://orcid.org/0000-0002-9593-8653
https://orcid.org/0000-0001-8860-6872
https://orcid.org/0000-0002-6140-256X

Advanced Engineering Research (Rostov-on-Don). 2024;24(3):227-237. eISSN 2687—1653

morphology of structural heat-insulating concrete [6], building a mesoscale 3D model of foamed concrete [7],
investigating the formation and distribution of pores in lightweight concrete [8], analyzing the microstructural
characteristics of concrete samples with various aggregates [9, 10], developing three-dimensional mesoscale models for
constructing a finite element grid in modeling the structure of concrete [11, 12]. In comparison to standard 2D X-ray
methods, the construction of 3D models of multicomponent concrete samples is promising for the study of the
fundamental mechanisms of formation of the structure and properties of modern concretes.

The most vulnerable area of fine-grained concrete under loading is the contact zone — the contact areas of cement
stone and aggregates. When exposed to external loads, it is from these areas that the formation of microdefects and
microcracks starts, whose development causes the defect formation at the macro level, which can lead to loss of bearing
capacity and structural failure. The destruction of the contact zones occurs due to the difference in characteristics of the
bordering components (Young's modulus, Poisson's ratio, thermal linear expansion coefficient, sizes of the contacting
phases, microdefects on the interface of the phases) [13]. The X-ray computed tomography method is promising for
studying the evolution of contact zones, including at the early stages of hydration. It provides studying the structure
without destroying the sample directly during the hardening process. Contact zones, as a rule, have higher porosity and
low strength, as a result of which cracks are formed in these zones [4]. The strength of the contact zones is also affected
by the size of the aggregate. It has been established that homogeneous and more durable contact zones are formed in
concretes with combined aggregates (coarse fraction and crushed) [14]. There are numerous modern studies on the
formation of contact zones of cement stone with reinforcement [15], cracks in popcorn concrete [ 16], defects at the contact
boundary of sand-cement mortar with a coarse aggregate [17]. However, along with this, the formation of contact zones
in fine-grained concretes with different fineness and packing density of sand grains is poorly studied. In the modern
scientific literature, there is no description of the effect of the size of a fine aggregate on the formation of contact zone
defects in fine-grained concretes. Thus, the study of the formation of defects in the structure of fine-grained concrete
containing sand of aggregate fractional make-up, to obtain a visual picture of crack propagation by X-ray computed
tomography is urgent.

To reduce the stresses that occur in the contact zones, microfillers, similar in their properties to cement stone, are used.
These fillers, having an increased specific surface area, create additional contact zones between which the stresses arising
from the hardening of the binder are redistributed. Hardening of the contact zones can be achieved through introducing
mechanically activated components into the concrete mixture [13]. Mechanical activation of separate components
contributes to the formation of a denser structure, the preservation of uniformity in composition, the development of initial
strength due to the acceleration of the hydration reaction and the growth of crystallohydrates of cement stone, as well as
the reduction in the setting time [18, 19]. The development of structural defects in fine-grained concretes modified by
mechanical activation of components has also been poorly studied. Among modern scientific papers, there are very few
works devoted to the study of crack propagation processes in the modified structure of fine-grained concretes at the initial
stages of strength development. Therefore, the use of the computed tomography method to study the mechanics of
destruction of samples of modified fine-grained concrete at the initial stages of hardening is important today.

This work was aimed at studying the formation and propagation of cracks in samples of fine-grained concrete with
different fractional make-up of sand due to natural processes of shrinkage of cement stone, as well as the mechanics of
destruction of samples of modified fine-grained concrete when applying a compressive load at the early stages of strength
development.

Materials and Methods. In the research, to determine the defects of the contact zones of fine-grained concretes with
different sand gradation, three samples of fine-grained concrete mixture of the following compositions were used:

— composition No. 1: Portland cement Eurocem 500 super; CEM 142.5 N (“Petersburg Cement” LLC); monofraction
sand (fraction 0.63-0.315 mm); water. The ratio of the mixture components was 1:2.56:0.67;

— composition No. 2: Portland cement Eurocem 500 super; CEM 1 42.5 N (“Petersburg Cement” LLC); polyfraction
construction sand according to GOST 8736-2014 with ISO=1.85; water. The ratio of the mixture components
was1:2.56:0.67;

— composition No. 3: Portland cement Eurocem 500 super; CEM I 42.5 N (“Petersburg Cement” LLC); two-fraction
sand (fraction 2.5-1.25 mm — 80% of the total mass of sand, fraction 0.63—0.315 mm — 20% of the total mass of sand,
no intermediate fraction 1.25-0.63 mm); highly active metakaolin (white) (manufactured by CG “Sinergo”, Chelyabinsk
region); microsilica; water. The ratio of the mixture components was 1:1.75:0.43:0.23:0.15:0.67.

Freshly-mixed compositions of fine-grained concrete mix were placed in a polymer cylindrical container with a
diameter of 8 mm and a length of about 70 mm. The diameter of the container was determined in accordance with the
size of the initial components of fine-grained concrete of the previously mentioned compositions based on the conditions
of representativeness [20], and representativeness of the volume under study. To track changes in the structure under
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cement hydration and cement stone shrinkage, tomography of the samples was performed immediately after mixing the
components and after 8 days of hardening. Samples at the age of 51 days were taken as the final result.

In the study on the evolution of the crack formation mechanism during the destruction of samples under the action of
an external compressive force, composition No. 3 with two-fraction sand, modified by mechanical activation of the
cement and sand composition, was used. Mechanical activation of the components (cement and sand) was carried out
using a high energy ball mill Retsch EMax. The components were crushed at a rotation speed of the apparatus bowls of
750 rpm for 5 minutes. Cubic samples of 20x20x20 mm in size were made from concrete mortars, to which an external
compressive load was applied after 3 and 7.5 hours. After applying the load, tomography of the destroyed samples was
performed to trace the evolution of the fracture mode of the material.

The structure of the concrete samples was studied using a YXLON Cheetah microfocus X-ray computed tomograph
with Y. Cheetah configuration. The device specifications are shown in Table 1.

Table 1
YXLON Cheetah Tomograph Specifications
Characteristic Value
X-ray tube Open-type
Operating voltage range, kV 25-160
Operating current range, mA 0.1-1.0
Maximum tube power, W 64
Maximum tube power on target, W 15
Detector tilt angle +70° (segment 140°)
Magnification (geometric/maximum) 2000x/17500x
Maximum sample dimensions, mm 800x500
Time from sample loading to first image, sec <10
Time for full tomography of the sample, sec 7
Time for laminography of the sample, sec 20
Overall dimensions, mm 1650x1400x1850
Weight, kg 2,200

From the perspective of micromechanics of composite materials, the assessment of effective characteristics can be
introduced by sets of properties of a representative volume of the body under study. The test sample for tomography
should correspond to a representative volume of material, which makes sense of the elementary macrovolume of a
microinhomogeneous medium.

During the experiment, after X-rays pass through the sample, a set of flat X-ray images with an uneven distribution
of grayness in the images is obtained. This is due to the uneven absorption of X-rays by the components of the studied
material — the presence of pores, defects, dense inclusions, etc. After reconstruction of 3D images of the sample, the
grayness gradient is inverted relative to conventional X-ray images: the materials that are most transparent to X-rays, e.g.,
pores, correspond to black, and the densest material is white. The grayness density in full-color representation is
considered in the range 0-255, where 0 corresponds to black, and 255 corresponds to white. This algorithm is used to
determine the minimum size of features that could be differentiated as structural components of the sample under study:
porosity, cement mortar, and aggregate in volume. Further, using this grayscale, highlighting certain numerical ranges, it
is possible to analyze a separate internal structure, distribution of components and porosity [21].

The shooting parameters for all the studied samples remained constant: voltage — 85 kW, current — 45 pA;
approximation — 8.9; scanning angle — 360°. The survey results represent 1,024 consecutive images of the internal
structure of the samples. Further processing of the resulting array of two-dimensional images took place in the “Volume
Graphics Studio” program. To improve the visualization of inclusions, editing layered images by brightness and contrast
levels was performed. The result of the tomography was a 3D model of the sample and its three projections with the
possibility of studying the internal structure in any section.
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Research Results. Images of the internal structure of samples of composition No. 1 with monofraction sand (fraction
0.63-0.315 mm) at the age of 0, 8, and 51 days obtained by X-ray tomography are shown in Figure 1. The darkest areas
in the images have the lowest density, in this case, the pores. The hardest particles correspond to the lightest areas.

2 mm « .. 2mm e 2 mm

Fig. 1. Internal structure of sample No. 1 (monofraction sand): a, d — immediately after preparation;
b, f— at the age of 8 days; ¢, f— at the age of 51 days

The images of the internal structure of the sample of composition No. 1 with monofraction sand showed no changes
in the contact zones immediately after mixing. By the 8th and 51st days of hardening, dark stripes were visible around
separate sand grains (indicated by red arrows), corresponding to voids that were formed due to shrinkage of the cement
stone. Moreover, with the increasing age of concrete, such voids around the sand grains visually became more numerous.
Enlarged images of separate fractured voids are shown in Figure 2.

Fig. 2. Enlarged fragments of Figure 1: a — fragment 1; 5 — fragment 2; ¢ — fragment 3; d — fragment 4
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In fragments 3 and 4 corresponding to sample No. 1 at the age of 51 days, the mode of the manifestation of defects in
the contact zones around sand particles was most pronounced. This was confirmed by the fact that by 51 days, the process
of shrinkage of cement stone was almost complete, whereas at the age of 8 days, the shrinkage was in the active phase.

Images of the internal structure of samples of composition No. 2 with polyfraction sand at the age of 0, 8 and 51 days
are shown in Figure 3. Separate enlarged fragments are shown in Figure 4.

2 mm e . ,2mm

& D hm

Fig. 3. Internal structure of sample No. 2 (polyfraction sand): a, d — immediately after preparation;
b, e — at the age of 8 days; ¢, f— at the age of 51 days

Fig. 4. Enlarged fragments of Figure 3:
a — fragment 1; b — fragment 2; ¢ — fragment 3
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The development of defects in the contact zones of samples of composition No. 2 with a polyfraction aggregate, as in
composition No. 1 with a monofraction aggregate, manifested itself by the 8th day of hardening, the number of defective
areas increased by the S1st day. It can be noted that the destruction of contact zones around individual large sand particles
is not observed.

Images of the internal structure of samples of composition No. 3 with two-fraction sand (fractions 2.5-1.25 mm and
0.63-0.315 mm, no intermediate fraction) at the age of 0, 8, and 51 days are shown in Figure 5.

2 mm

2 mm

Fig. 5. Internal structure of sample No. 3 (two-fraction sand): a, d — immediately after preparation;
b, e — at the age of 8 days; ¢, f— at the age of 51 days

In the images of the internal structure of the samples containing two fractions of sand, at the age of 8 and
51 days, a clear formation of cracks around large grains of sand was observed, and the main mode of the crack formation
was traced when the cracks were connected to each other (Fig. 6).

Fig. 6. Enlarged fragments of Figure 5:
a — fragment 1; b — fragment 2; ¢ — fragment 3
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The formation of main cracks near coarse sand grains indicated that the contact zones around coarse aggregate
particles were most stressed and susceptible to destruction during the shrinkage of the cement stone.

Based on the obtained images of the internal structure of samples with different sand sizes, it can be concluded that
the development of contact zone defects due to shrinkage of the cement stone depends on the ratio of fraction sizes. In
samples with mono- and polyfraction sand, the defective structure develops locally, the area of such defects is visually
much smaller than in samples with two fractions of different sizes. In the presence of a coarse fraction of sand with a
high-volume concentration, defects in contact zones develop near coarse grains and have the main mode.

Cube samples of composition No. 3 with two-fraction sand, modified by mechanical activation of individual
components, were subjected to the application of external compressive load at the age of 3 and 7.5 hours after preparation.
Images of the deformed internal structure of the samples are shown in Figure 7.

Fig. 7. Images of the internal structure of modified samples: a — frontal section at the age of 3 hours;

b — frontal section at the age of 7.5 hours; ¢ — horizontal section at the age of 3 hours;
d — horizontal section at the age of 7.5 hours

The images showed the evolution of hardening concrete samples from elastic-plastic to brittle fracture. The samples
tested 3 hours after production had an elastic-plastic fracture pattern, with clear cracks and chips on the sample edges. At
the age of 7.5 hours, the sample edges were covered with a network of small cracks during fracture, and there were also
numerous cracks and microcracks inside the sample, indicating brittle fracture.

Discussion and Conclusion. Thus, by means of mechanical tests and X-ray computed tomography, it is possible to
track the processes of destruction in the structure of fine-grained concrete. The results obtained give rise to a new complex
method for assessing the structural characteristics of modified fine-grained concrete at all stages of strength development.
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It has been established that the destruction of contact zones depends on the ratio of fraction sizes. In the bulk of coarse
sand particles in the body of concrete, the destruction of contact zones is more pronounced and has the main mode. When
using fine or polyfraction sand, contact zones are destroyed locally and have a visually smaller area. This indicates that
contact zones near coarse aggregate particles are most stressed and are primarily subject to destruction under the shrinkage
of cement stone.

The studied dependences of the influence of the fine aggregate sizes on the mechanisms of formation and propagation
of structural defects contribute to the theory of destruction processes of fine-grained concrete. The results obtained prove
the prospects of using X-ray computed tomography as a method of non-destructive testing of the internal structure of
fine-grained concrete, including at the early stages of strength development. Computer tomography, along with traditional
methods of investigation of the structure and properties of building materials, gives rise to a new complex method that
provides studying modern multicomponent concretes at all stages of strength development, the mechanisms of formation
and propagation of structural defects due to natural processes of changing the state of the material and under various
external loading conditions.
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