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Abstract. The article presents the results of a study of the influence of highly active mineral
additives on the physical and mechanical properties of ultra-high strength concrete. Currently,
according to the classical concept of making ultra-high strength concrete, a significant amount of
ultradispersed microsilica is introduced, which determines the increased cost of its preparation. In order
to obtain cost-effective ultra-high-strength concrete, the composition of mixtures was evaluated
according to the criteria of strength and economy by replacing microsilica with technologically
optimized highly dispersed zeolite (SSA=1200 m?/kg), which belongs to the class of superzeolite. It is
shown that for modified concrete with the addition of microsilica, the compressive strength after 2 days
is 88.8 MPa, after 28 days — 161.0 MPa. When microsilica is partially replaced by superzeolite,
sufficiently high mechanical parameters are achieved: after 2 days the compressive strength is 75.8
MPa, after 28 days the strength increases by 2.1 times and is 163.2 MPa, in this case a flexural strength
of 12.1 MPa is achieved. The microsilica has a positive effect due to increased reactivity, especially at
an early age. Similarly, the fine fraction of superzeolite is characterized by the acceleration of the
pozzolanic reaction, while the coarser fraction contributes to increasing the degree of hydration of the
Portland cement due to the desorption of water molecules from micropores and provides internal care
for concrete. The cementitious matrix is compacted by filling the intergranular space due to the
formation of nanodispersed C-S-H phases. Thermal analysis showed that the amount of calcium
hydroxide in the superzeolite cementitious system is 2.75% or 66 kg/m®, which meets the requirements
for ultra-high strength concrete. The synergistic combination of microsilica and superzeolite with high
surface activity and polycarboxylate superplasticizer provides high packing density and the necessary
strength characteristics of ultra-high strength concretes, as well as contributes to their cost-efficiency,
which opens the prerequisites for a large-scale engineering application of such concrete in
construction.
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Introduction. One of the most important directions in construction is the development of
construction materials of a new generation, in particular, ultra-high strength concretes, which are
characterized by improved construction and technical properties and belong to the class of ultra-
high performance concretes. Such concretes are attracting increasing interest worldwide due to high
mechanical properties and durability [1, 2]. Currently, ultra-high strength concrete is mainly used
for the construction of high-rise buildings, bridges, tunnels and other structures that require high
bearing capacity and durability. At the same time, ultra-high strength concretes have problems that
require attention and solutions, in particular, such as fragility, significant heat generation, low crack
resistance, high cost, etc.
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Analysis of recent research and publications. Ultra-high strength concretes (UHSC) belong to
a special class of cementitious materials, which are formed with an optimized gradation of granular
components, a low water-to-binder ratio (W/C = 0.20...0.25), and the addition of mineral and
chemical additives [3, 4]. As a result, ultra-high strength concrete has a compressive strength that is
approximately 3-5 times higher than traditional concrete. The resulting material is characterized by
increased workability (slump flow > 200 mm), high mechanical parameters (after 28 days,
compressive strength > 150 MPa, tensile strength > 7 MPa, modulus of elasticity 40...60 GPa) [5, 6].
These characteristics of UHSC are mainly based on the high packing density, which is achieved by
calculating the amount of fine particles such as cement, microsilica and quartz sand. Due to the
increased specific surface of small particles and low water content, the use of significant amounts of
superplasticizers is necessary. Ultra-high strength concrete is obtained by modification with surface-
active substances and highly dispersed active mineral additives. However, the high preparation cost of
ultra-high strength concrete limits its large-scale engineering application [7, 8].

Improving the packing density of cementitious materials by mixing with ultrafine
supplementary cementitious materials plays an important role in increasing the physical and
mechanical properties of concrete caused by minimizing the void content in the cementitious matrix.
Ultrafine particles of active mineral additives are characterized by high values of the interphase zone
and surface energy, and also provide a more complete synergistic effect of other components, forming
a rheological matrix of the concrete mixture with a minimum water content. That in turn contributes
to the directed formation of the microstructure of the cementitious matrix and thanks to its compaction
and pozzolanic reactions in the non-clinker part [9]. Therefore, very high packing density is the main
attribute in achieving low porosity of cementitious matrix, which leads to significant durability of
ultra-high strength concrete compared to conventional concrete [10].

The excellent characteristics of ultra-high strength concrete, such as durability and high
mechanical parameters, largely depend on the physical properties and kinds of highly active mineral
additives used. One of the commonly used amorphous silicon dioxides is microsilica, a by-product of
industrial silicon production with a particle size in the submicrometer range. Microsilica in the early
period of hydration plays an important role not only as a microfiller, but also as a superpozzolana. At
the same time, the high content of microsilica in the composition of ultra-high strength concretes can
lead to an increase in the viscosity of the mixture and agglomeration, which leads to a decrease in the
mechanical properties of concrete. On the other hand, the size of amorphous SiO; particles in
submicrometers is effective for filling the voids present among the particles of cement and other
constituent materials, that is, it manifests itself as a microfiller effect [11].

Large reserves of natural pozzolana — zeolite tuffs — are concentrated in Europe. At the same
time, zeolites increase the water consumption of cement, which slows down the development of
their strength [12]. On the other hand, the use of "super zeolite", which is a natural zeolite crushed
to a smaller size than cement, opens up significant prospects. Such a "superpozzolana” provides an
increase in the density of laying cement mortar with the same ease of workability [13]. It should be
noted that in ultra-high strength concrete, which is developed with a low water-to-binder ratio, the
hydration of the cement grains can potentially be limited. To solve the problems related to
hydration, the possibility of using superzeolite, which has a high porous structure, should be
investigated to ensure the internal care of the cementitious system with the age of hardening [14].

In this regard, it is advisable to conduct research on the replacement of microsilica or its part
in the composition of the mixture for ultra-high strength concrete with addition of superzeolite,
which will contribute to the improvement of the entire hydration process due to its high pozzolanic
activity and ability to internal care with the age of concrete hardening. Modification of cementing
systems with an organic component makes it possible, by changing the nature of their surface
within wide limits, to activate the processes of structure formation of the cementitious matrix and to
improve its microstructure. The improvement of the modern concept of creating ultra-high strength
concrete is achieved by using highly effective modifiers and introducing highly dispersed active
mineral additive such as superzeolite.
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The purpose and tasks of the work — research of the influence of highly active mineral
additives of microsilica and superzeolite on the processes of structure formation of the cementitious
matrix and mechanical properties of modified fine-grained ultra-high strength concretes.

Research materials and methods. Production of high-quality concrete mixtures is ensured by
Portland cement CEM 142.5 R PJSC "lvano-Frankivskcement", which meets European standards and
is made on the basis of Portland cement clinker with a standardized mineralogical composition.

For designing the grain composition of ultra-high performance concrete, fine sand from the
Davydivsky deposit (Lviv region, average density p,=1370 kg/m?, fineness modulus FM=1.16) and
sand from the Slavuta deposit (Khmelnytsky region, p,=1502 kg/m*, FM=2.0) were used.

Highly active microsilica EIkem Microsilica Grade 940-U (SiO, content — 92.3 mass.%, SSA =
16 m?/g) was used as an artificial mineral additive. As a component of pozzolanic action, zeolite
tuff from the Sokyrnytskyi deposit (Transcarpathian region) was used, the main mineral of which is
clinoptilolite (Na, K)4CaAlgSizn07,24H,0. Technologically optimized highly dispersed zeolite
(SSA =1200 m?/kg) belongs to the class of superzeolite, which allows to increase the packing
density and improve the cohesion of cement paste. Characteristically, the cost of superzeolite is an
order of magnitude lower compared to microsilica, which creates broad prospects for its mass use in
concrete technology.

Particle size distribution of samples of finely dispersed active mineral additives was
determined using a Malvern Mastersizer 3000 laser granulometer in the range from 0.01 to 3000 pm
[15]. For Portland cement CEM | 42.5 R (SSA=350 m%/kg), particles smaller than 1.0 and 5.0 um
make up 3.90 and 18.92%, respectively. Superzeolite has a bimodal distribution of particles by
volume, while the amount of fine fraction up to 5.0 um is 38 vol. %. This fraction makes the main
contribution to the specific surface of superzeolite. Average diameters by specific surface area
D[3;2] and volume D[4;3] for portland cement, microsilica, and superzeolite are 5.21 and 24.8 um,
respectively; 0.40 and 10.0 um; 3.81 and 19.6 um. The increased content of highly dispersed
particles in the range of up to 1.0 um is characteristic of microsilica determines its significant
specific surface and high excess surface energy. An increase in the surface activity of small
fractions and the packing density of large grains creates the possibility of increasing the early
strength of multicomponent cementing systems.

Highly effective superplasticizers based on polycarboxylate ethers with nanosized molecular
chains were used as modifiers to increase strength due to a significant water-reducing effect. The
special molecular configuration of Master Glenium ACE 430 from the BASF company promotes
the acceleration of cement hydration.

X-ray phase analysis of concrete samples after 28 days of hardening was performed using an
Aeris Research Benchtop X-Ray Diffractometer from Malvern Panalytical.

Thermal analysis of the samples was carried out on a derivatograph Q-1500 of the Paulik-Paulik-
Erdey system in the temperature range of 20-1000°C. The samples were analyzed in dynamic mode
with a heating rate of 10 °C/min in an air atmosphere. The weight of the sample was 500 mg.

Research results. Research on the mechanical properties of concrete was carried out on the
optimized composition of the mixture of components. As a rule, granite aggregate has various defects
and microcracks that limit the strength of concrete. Therefore, in the mixture coarse aggregate was
replaced by finer aggregate, which has better mechanical properties. Flexural strength was evaluated
on 40x40x160 mm prisms, and compressive strength on halves of these prisms in accordance with EN
1015-11. Workability was tested in accordance with EN 1015-3. The composition of the concrete
mixture was characterized by the quantitative content of components with a consumption of materials
per 1 m* C =800 kg, A = 1165 kg (sand with FM=2.0 — 1000 kg + sand with FM=1.16 — 165 kg),
active mineral additives — 200 kg, superplasticizer Master Glenium ACE 430 (2.5%) — 20 kg, water
195...205 kg (W/C=0.25). A high-speed mixer was used for the production of ultra-high strength
concrete, while the movement time was optimized to achieve homogeneity and quality of the mixture
and was 8-10 minutes. The mobility of the mixture was characterized by the spreading of 300 mm
cone. In order to improve the quality indicators of ultra-high strength concrete, the compositions were
adjusted by replacing microsilica with the addition of superzeolite by 50% and 100%, respectively.
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Tests were carried out for concrete through 2; 7 and 28 days of hardening.

As can be seen from Fig. 1, for concrete with additive of microsilica the compressive strength
at an early age is R, = 88.8 MPa, after 28 days —161.0 MPa and the flexural strength — 12.1 MPa.
For concrete with the addition of superzeolite, the compressive strength after 2 days — 57.6 MPa,
after 28 days — 163.2 MPa. With the introduction of active mineral additives in the amount of 100
kg of microsilica and 100 kg of superzeolite, slightly higher strength indicators are achieved in the
early stages of hardening compared to concrete with superzeolite additive; in this case the flexural
strength — 12.3 MPa.
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Fig. 1. Compressive strength of concretes with additives of microsilica (1), superzeolite (2) and
microsilica + superzeolite in a ratio of 1:1 (3) dditives of microsilica (1), superzeolite (2) and
microsilica + superzeolite in a ratio of 1:1 (3)

According to the X-ray analysis data the diffraction patterns of the cementitious matrix with
the addition of microsilica show lines of calcite (d/n=0.303; 0.249 nm) and hydrated phase —
calcium hydroxide (d/n=0.490; 0.263 nm). The introduction of microsilica with increased reactivity
contributes to the acceleration of the pozzolanic reaction with the additional formation of C-S-H gel
clusters. After 28 days of hardening of concrete with addition of superzeolite a decrease in the
intensity of calcium hydroxide lines is observed (Fig. 2); at the same time, intense lines of quartz
appear (d/n=0.334, 0.244, 0.223; 0.212; 0.181 nm) and line of calcite are fixed.
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Fig. 2. Diffractogram of cementitious matrix with superzeolite additives after 28 days
of hardening
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As can be seen from the thermogravimetric analysis data (Fig. 3), the amount of calcium
hydroxide in the cementitious matrix with microsilica does not exceed 1.5%, while the amount of
Ca(OH); in the composite with the addition of superzeolite is 2.75% or 66 kg/m*, which meets the
requirements for ultra-high performance concrete. In this case, the amount of bound water in fine-
grained concrete with the addition of superzeolite (4.66 mass. %) is slightly higher than with the
addition of microsilica (4.48 mass.%). As a result of the pozzolanic reaction of superzeolite, the
cementitious matrix is compacted by filling the intergranular space.
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Fig. 3. Thermograms of concrete with the addition of microsilica (a) and superzeolite (b) after 28
days of hardening

The results show that microsilica has a positive effect, mainly due to increased reactivity,
especially at an early age. The fine fraction of superzeolite is characterized by the acceleration of
the pozzolanic reaction, and the coarser fraction helps to increase the degree of hydration of the
cementing system due to the desorption of water molecules from micropores, which provides
internal care for concrete. The combination of microsilica and superzeolite with a polycarboxylate
superplasticizer to a greater extent ensures the maximum density of the cementitious matrix and
strength properties of ultra-high-strengh concretes, and also contributes to their cost-effectiveness.

Conclusions:

1. Cost-effective ultra-high strength concrete is developed using a multi-level particle packing
approach to maximize the density of mixture of multi-fraction fine aggregates and polymineral
cementing systems. It was established that modified concrete with additives of microsilica and
superzeolite is characterized by increased mechanical properties: at an early age the compressive
strength is Rc; = 75.8 MPa, and after 28 days increases by 2.1 times and is 163.2 MPa, while the
flexural strength Ryg =12.3 MPa is achieved.

2. It is shown that superzeolite allows to reduce bleeding, sedimentation, increase the water-
holding capacity of the mixture, as well as to provide internal care, as a result of which the strength
of concrete increases with the age of hardening. The amount of calcium hydroxide in the
cementitious matrix with the addition of superzeolite is 2.75% or 66 kg/m®, which meets the
requirements for ultra-high strength concrete. The replacement of microsilica with superzeolite
provides a reduction in the production cost of ultra-high-strength concrete, which largely
determines the practical feasibility of its large-scale engineering application in construction.

Prospects for further research. To increase the efficiency and durability of ultra-high
strength concrete, it is advisable to continue research in the direction of developing compositions
with additives of nanosilica and various types of reinforcing fiber materials.
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AHoTauis. Y cTarTi HaBeJCHO PE3yIbTATH JOCIIKEHHS BIUIMBY BUCOKOAKTUBHUX MiHEPAIbHUX
n00aBOK Ha (Pi3MKO-MEXaHIYHI BJIACTUBOCTI HAJBHCOKOMIIIHUX OeToHIB. Ha manuii wac, 3rigHO 3
KJIACUYHOIO KOHIICTIIIEI0 BUTOTOBJICHHS HAJBUCOKOMIITHOTO OETOHY, BBOJAWTHCS 3HAYHA KUIBKICTH
yABTPAAUCTIEPCHOTO MIKPOKPEMHE3EMY, 1110 3YMOBIIIOE MiJIBUIIEHY BapTiCTh HOTO MPUrOTyBaHHs. J{i1s
OTpUMaHHS PEHTAOCNBHUX HAJIBUCOKOMIIIHUX OCTOHIB TIPOBEICHO OIlHKY CKJIQAy CyMimed 3a
KPUTEPISIMA MIIHOCTI Ta EKOHOMIYHOCTI HUIAXOM 3aMiHU MIKPOKPEMHE3eMy Ha TEXHOJIOTIYHO
ONTUMI30BaHUN BUCOKomucHepcHuid 1eomt (SSA=1200 wm2/kr), sKAHA HAICKHTh O Kiac
cynepueoniry. Ilokazano, mo mis moaudikoBaHOro OETOHY 3 JIOJAaBaHHAM MIKPOKPEMHE3EMY
MIITHICTh Ha CTHCK uYepe3 2 noou cranoBuTh 88,8 MIla, uepe3 28 mi6 - 161,0 MIla. BcranosneHo, 1o
IIPU YACTKOBIM 3aMiHI MIKPOKPEMHE3eMY CYIEpPIEOITOM J0CITaloThCcs JOCTATHRO BUCOKI MEXaHIYHi
MOKa3HUKH: yepe3 2 100U MIIHICTD MPU CTUCKY cTaHoBUTH 75,8 Mlla, yepes 28 mi6 MinHICTh 3pocTae
B 2,1 pasu 1 ckimamae 163,2 Mlla, npu mpomy pgocsiraeTbest MinHICTh Ha BuruH 12,1 Mlla.
MiKpoKpeMHe3eM BHOCUTH MTO3UTHUBHUHN €(DEeKT 3aBISKHM IiIBUILECHIN peaKmiiHii 31aTHOCTI, 0COOIMBO
B pPaHHbOMY Billl. AHANIOri4HO JApiOHA (paKiis CYMEPIEONiTy XapaKTepPU3YeEThCS MPUCKOPEHHSIM
peakIii myroIaHizallii, ToAl sSK rpyorra Gpakiiis Crpuse MiABUIICHHIO CTYIIEHS TiIpararlii IIeMEeHTHOT
CHCTEMH 3a PaxXyHOK JecopOIlii MOJIEKyN BOJIHU 3 MIKpOMOp, TOOTO 3a0e3rnedye BHYTPIIIHINA 0TI 3a
O0eroHOM. B pe3ynbrari MylosiaHOBOI peakiii MIKpOKpEeMHE3eMy Ta CYMHepLeoiTy BiaOyBaeTbCs
YUIUTBHEHHSI LEMEHTYIOUOi MAaTpulll LUISIXOM 3allOBHEHHS MIDK3E€pPHOBOIO IPOCTOPY 3a PaxyHOK
yrBopeHHs1 HaHomucriepcanx C-S-H ¢da3. Tepmiunmii aHami3z CBiqUWTh, IO KUIBKICTh KaJIBILIO
TJIPOKCUAY B LIEMEHTYIOUIN CHCTEMI 3 CYNEPIIEOIIITOM CTaHOBUTH 2,75% abo 66 KI/M>, 110 BiZITOBIIa€
BUMOTaM Ui HaJBUCOKOTOMIIHOTO OeToHy. IlpemcramieHi pe3yiabTaTd CBIOYaTh PO TE€, IO
CHHEpPreTHYHE MO€JHaHHS MIKPOKPEMHE3EMY Ta CYIEpLEOIiTy 3 BUCOKOIO MOBEPXHEBOKO aKTUBHICTIO
Ta TMOJIIKApOOKCUIIATHOTO CymepruiacThudikaropa 3ade3nedye MiBUIIEHY MIUIHHICTh YIAKOBKU 3€peH
LIEMEHTYIOUOi MaTpHili, HEOOX1HI MILHICHI XapaKTEPUCTUKH HAJBHCOKOMILHOIO OETOHY, a TaKOX
CHpUsie 3HW)KEHHIO BapTOCTI IOro MpUroTyBaHHS, IO BIAKPUBAE MEPEAYMOBU ISl OUIBII
HIMPOKOMACIITaOHOTO 3aCTOCYBAaHHS TAKOTO OETOHY B OY/IBHHUIITBI.

KiarouoBi cioBa: ©OeToH HAaJABHUCOKOI  MIIIHOCTI, MIKPOKPEMHE3EM, CYMNEpLEOIT,
NoJIiKapOOKCUJIATHUN  cynepruiacTU(ikaTop, MiLHICTb, CTPYKTYPOYTBOPEHHS, €KOHOMIYHE
MIPOEKTYBaHHSI.

Cratta Haaidnuia o penakuii 9.08.2023
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