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Abstract. In the practice of production of building solutions, cements with the use of mineral
additives and, in particular, ground limestone are widely used. Technologically, such mixed
cements can be obtained both by compatible grinding of Portland cement clinker, dihydrate gypsum
and limestone additive, and by thorough mixing of Portland cement with ground limestone. A
promising method for improving the mechanical characteristics of building solutions is intensive
mechanic-chemical activation of mixed cements in high-speed turbulent mixers. The issues
considered in the article related to determining the influence of recipe and technological factors on
the strength of building mortar at the age of 3, 7 and 28 days were investigated. The compressive
strength of samples made from a mixture solution on both a mechanically activated binder and a
binder of similar composition, but which was not subject to mechanical activation, was studied. The
experimental studies were carried out using the D-optimal mathematical plan with variation of the
following factors: X; — the ratio of the mass of the mixed binder to the mass of unground quartz
sand in the construction mortar (from 1:3 to 1:1); X, — ground limestone content in the mixed binder
(20 £ 20 %); X3 — consumption of the superplasticizing additive Relaxol-Super PC (0.5 = 0.5 % of
the binder weight). The obtained mathematical models indicate that the maximum effect (of the
listed factors) on the strength of the mortar is exerted by the content of the mechanically activated
binder in it. An increase in its consumption in the composition of the mortar mix causes an increase
in the strength of the mortar at the age of 3 days from 24 to 40.5 MPa, i.e. by almost 70 %. At the
age of 28 days, the effect of the consumption of the activated mixed binder on the strength of the
mortar is somewhat reduced and does not exceed 60 %. The next factors influencing the strength of
the mortar are the consumption of superplasticizer and the percentage of ground limestone. The
combined effect of mechanochemical activation in the presence of 1 % Relaxol-Super PC allows
the introduction of up to 40 % ground limestone into Portland cement, while providing the same
compressive strength of the mortar as when using non-mechanically activated Portland cement, but
without the addition of ground limestone.

Keywords: mortar, mechanochemical activation, lime mixture, binder, portland cement,
ground limestone.

Introduction. In the practice of manufacturing concrete and reinforced concrete products,
cements using ground limestone are widely used. Such cements are obtained both by joint grinding
of Portland cement clinker, gypsum dihydrate and limestone mineral additive, and by thorough
mixing of Portland cement with ground limestone. A promising method for improving the
mechanical characteristics of a building solution is the mechanochemical activation of Portland
cement in combination with the use of superplasticizing additives and mineral fillers. Ensuring a
high degree of cement activation is achieved through the use of high-speed forced-action activators
that provide the binder with additional chemical activity, thereby increasing the quality indicators of
the final product. Mechanochemical methods of activating Portland cement fit quite easily into
existing technological schemes for obtaining mortar mixtures, which allows, in our opinion, to more
fully reveal the potential of both the binder and the building solutions based on it.
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Analysis of the latest research and publications. Considering the realities of the production
of Portland cements with mineral additives in Europe, as well as Ukraine’s desire to take its place in
the European cement market, issues related to the study of their influence, and in particular,
limestone, on the properties of mortars and concretes are becoming very important [1-5]. The use of
mineral additives in the technology of Portland cement production makes it possible to save both
fuel energy and electrical energy [6]. In addition, the introduction of a finely dispersed carbonate
additive (S>650 m?/kg) into the composition of Portland cement leads to an increase in the specific
surface area of the binder, which contributes to the compaction of hardened cement stone [7]. It is
known [8] that as a result of the chemical interaction between ground limestone and aluminate
phases of Portland cement clinker, calcium hydrocarboaluminates 3CaO-Al,O3-CaCO3-12H,0 are
formed, which contribute to increasing the strength of cement stone [9]. Thus, it can be stated that
CaCOg has a positive effect on both the structure of cement stone and the mechanical characteristics
of mortars and concretes.

The issues considered in the article are related to determining the influence of ground
limestone on the strength of the mortar. In this regard, the need to create optimal combinations of
Portland cement with this finely dispersed mineral additive (mixed binder) becomes obvious. The
presence of ground limestone helps to increase the potential of the mixed binder both from an
economic point of view and from an environmental point of view [10-12]. The fact of increasing the
efficiency of introducing finely ground mineral additives into cement during its mechanical
activation using high-speed activators is undeniable [13, 14]. The use of high-speed activators helps
to solve a set of issues related to both improving the homogeneity of the freshly prepared mortar
mixture and increasing the mechanical characteristics of the hardened composite[15].

Purpose of the research. The aim of this work is to experimentally confirm the production of
a building mortar with improved mechanical characteristics through the use of mechanical
activation of Portland cement in the presence of ground limestone (mixed binder) and a
superplasticizing additive (SP).

Research methods. Mechanochemical activation of the aqueous composition of Portland
cement, as well as a mixture of binder with ground limestone and superplasticizer, was carried out in a
high-speed mill (n = 1800 rpm) for 180 sec. A mixture of similar composition was used for control, but
it was not subject to mechanochemical activation. For the joint determination of the influence of the
studied factors on the compressive strength of the mortar, a three-factor experiment was carried out,
where the following independent factors were taken: consumption of mixed binder in the mortar,
consumption of ground limestone in the mixed binder and consumption of SP Super PK).

Research results. Portland cement PC 11/A-SH-500, which meets the requirements of DSTU B
V.2.7-46:2010 "General-purpose cements. Specifications”, was used as a binder in the experimental
studies. The mineralogical composition of Portland cement clinker includes, "mass %": C3S — 7.5 ...
7.7, C,S—13..15,CsA-75 ... 7.7, C4AF — 10.6 ... 11.6. The content of alkali oxides (in terms of
Na,0) is 0.18 ... 0.24 %. Limestone from the Odessa quarry "Yuzhny" was used as a carbonate
additive. Before use, the limestone was ground to a specific surface of 625 m?kg. Along with
Portland cement, a homogeneous mixture of Portland cement with the addition of ground limestone
in the amount of 20 and 40 % was used in the studies.

To determine the effect of mechanical activation of the cement-water composition with the
addition of ground limestone on the change in the water-solid ratio, the compositions of the mixed
binder given in Table 1 were used.

The experimental data given in Table 1 indicate that the mechanochemical activation of the
cement-water composition has a positive effect on the decrease in the water-solid ratio of
equiviscous compositions from 0.42 (no activation) to 0.38 (activation period of 180 sec). A similar
effect of mechanical activation on the change in the water-solid ratio is also observed for cement-
water compositions with the addition of ground limestone in the amount of 20 and 40 %. A special
feature of the effect of adding ground limestone is that increasing its content in the binder to 40 %
causes an increase in the W/S ratio for both mechanically activated and non-mechanically activated
binders by an average of 7...10 %.
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Table 1 — Mixed binder compositions

Composition Ground Activation of | Spread of the
P Portland cement, % | limestone, | mixed binder, | mixture cone, W/S
number Y
0 S mm
1 100 0 0 120 0.42
2 100 0 180 120 0.38
3 80 20 0 121 0.44
4 80 20 180 120 0.41
> 60 40 0 11 0.45
6 60 40 180 120 0.42

As for the kinetics of the change in the spread diameter of aqueous cement-containing
compositions depending on the duration of mechanical activation and the content of ground
limestone, it should be noted that mechanical activation causes a more intense thickening of the
mixture, which is manifested in a sharp decrease in the spread diameter over time, Table 2.

Table 2 — Kinetics of reduction of the diameter of the mixture cone spread depending on the
activation period and the limestone content in the binder

Curing Ne composition
period, h 1 2 3 4 5 6

0 120 120 120 120 120 120

0.5 109 95 112 104 115 111
1 104 76 105 93 109 105

15 95 63 95 71 98 96
2 83 81 63 87 80

2.5 70 75 83 66
3 61 69 77 64

35 62 70
4 65

4.5 61

The compressive strength of 4x4x16 cm beam samples made of mortar mix both on
mechanically activated binder and on binder of similar composition, but which was not subject to
mechanochemical activation, was investigated.

Experimental studies were conducted using the D-optimal plan. The following factors were
varied in the experiment:

X1 — ratio of the mass of mixed binder to the mass of unground quartz sand in the mortar
composition — (1:3; 1:2; 1:1);

X3 — consumption of ground limestone in mixed binder — (20£20 %);

X3 — consumption of Relaxol-Super PC — (0.5+0.5 %).

The consumption of mixing water for each line of the mathematical plan was taken based on
obtaining the spread diameter on the shaking table in the range of 1404+5 mm. The specified spread
diameter of the mixture was taken to be the same for the two comparative technologies. The
experimental plan and compositions of the studied building solutions are presented in Table 3.
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Table 3 — Experimental plan and compositions of building solutions

Content of dry components of the mortar
Levels of independent factors — mi>§ture per batch
No C'S Composn_lon of mixed _
binder Quartz  Superplastic
X1 X2 X3 cPe(r)r:teIgEdg Iirﬁggtuonn(? g sand. g o
1 - - - 1:3 500 - 1500 0.0
2 - + - 1:3 300 200 1500 0.0
3 0 - 1:2 534 133 1333 0.0
4 + - - 1:1 1000 - 1000 0.0
5 + + - 1:1 600 400 1000 0.0
6 - 0 1:3 400 100 1500 2.5
7 0 - 0 1:2 667 - 1333 3.4
8 0 0 0 1:2 534 133 1333 3.4
9 0 + 0 1:2 400 267 1333 3,4
10 + 0 0 1:1 800 200 1000 5.0
11 - - + 1:3 500 - 1500 5.0
12 - + + 1:3 300 200 1500 5.0
13 0 + 1:2 534 133 1333 6.7
14 + - + 1:1 1000 - 1000 10.0
15 + + + 1:1 600 400 1000 10.0

As a result of statistical processing of experimental data, polynomial models (1-4) were
obtained for the dependence of the compressive strength of mortar at 3 and 28 days of age on the

studied factors:

R:’;ﬁl frd 23_.'5 + 6-'6}{1 + EJSXE_ - D_.QXin + DJ?Xj_XE
—-3,0X, — 0,9%3 + 0,6X,X;5
+3,6X3 — 0,2%3

R™Z8 =390+ 107X, + 44X — 1,3X,X, + 0,8X, X,

- 419X2 - 1!7X§ _DJ?XEXE
+5,7X3

REZ, = 13,3+ 3,6%, + 1,3X — 05X, X, + 02X X,
~1,7X, — 0,4%3
+1,8X3

REZ8 = 298+ 82X, + 3,312 — 0,9%, X, + 0,6X,X,
~3,9X; —1,2%3 — 0,5%,X,
+ 4,5X3

1)

)

(3)

(4)
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where: g™3 728 _ strength of mortar on mechanically activated mixed Portland cement at
3 and 28 days of age, MPa;

red , RESE _ strength of mortar on mixed Portland cement, which was not subject to
mechanical activation (control) at 3 and 28 days of age, MPa.

The consideration of the coefficients for independent factors in mathematical models (1-4)
shows that for a building mortar both on a mechanically activated binder and on a binder that has
not been subjected to mechanical activation, the maximum effect on the strength of the composite is
exerted by both the content of the mixed in (X;) in it and the consumption of SP. This is confirmed
by the single-factor graphical dependencies shown in Fig. 1.
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Fig. 1. The influence of formulation factors on the strength of the mortar under compression in the
maximum (—) and minimum (—) zones:
a — strength of mortar at 3 days of age; b — strength of mortar at 28 days of age; K — control
(strength of samples on binder that was not subject to mechanical activation); A — strength of
samples on mechanically activated binder

—

Analyzing the experimental data, it should be noted that an increase in the content of
mechanically activated mixed binder in the composition of the mortar mixture (the ratio of the mass
of binder to the mass of quartz sand) leads to an increase in the strength of the mortar at a 3-day age
from 24 MPa to 40.5 MPa, i.e. by almost 70%. At the age of 28 days, the effect of the content of
activated mixed binder on the strength of the mortar is slightly reduced and is 62.5%. With respect
to the effect of the superplasticizing additive on the strength of the mortar on the mechanically
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activated binder, it should be noted that an increase in the consumption of SP from 0 to 1% leads to
an increase in the strength of the cement-mixed samples at the age of 3 days from 31 MPa to 41.2
MPa, i.e. by almost 35 %, and at the age of 28 days from 52 MPa to 67 MPa. As for the effect of
ground limestone content on the compressive strength of the mortar in the maximum zone, it should
be noted that at the age of 3 days, an increase in limestone consumption in the mixed binder from 0
to 40% causes a decrease in the compressive strength of the mortar from 40.5 to 32 MPa, i.e. by
almost 23 %. For a mortar on a mechanically activated binder at the age of 28 days, the introduction
of 40 % ground limestone into the binder leads to a decrease in the strength of the samples
(compared to the use of Portland cement without the addition of ground limestone) by 23 % to 35
MPa. As for the effect of mechanical activation on the strength of the mortar, it should be noted that
the maximum effect from high-speed processing of the cement-mixing composition with the
addition of ground limestone is observed at the age of 3 days — in this case, the increase in the
strength of the mortar is at least 60 %. At 28 days of age, the effect of mechanical activation
decreases and the increase in the strength of samples on activated binder (compared to the control)
is no more than 30...32 %.

Conclusions:

1. The combined effect of mechanical activation of the mixed binder and the use of the
superplasticizer Relaxol-Super PC in an amount of 1 % ensures the production of a building mortar
with a compressive strength of 65 MPa at 28 days of age, which is 30...32 % higher than the
strength of a mortar of similar composition of a mixed binder that is not subject to mechanical
activation.

2. Mechanochemical activation of a cement-containing aqueous composition with the addition
of 40 % limestone ensures the production of a mortar with the same compressive strength at 28 days
of age as in the case of using non-mechanically activated Portland cement, but in the complete
absence of limestone addition to it.
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AHoTaunif. B mpakTuii BupoOHUITBa OyAiBEIbHUX PO3UMHHUX CYMIIIEH Ta pO3YMHIB Ha iX
OCHOBI IIUPOKE PO3MOBCIOJKECHHS OJIEPYKAJIM [IEMEHTH 3 BUKOPUCTAHHSAM MiHEpaJIbHUX JO0aBOK i
30KpeMa, MEJICHOI'0 BamHAKY. TeXHOJIOTIYHO Taki 3MilllaHl LIEMEHTH MOXJIMBO OTPUMYBATH SIK
CYMICHHM TIOMEJIOM TOPTIAHIIEMEHTHOTO KIIIHKEPY, JBOBOJHOTO TilCy Ta 100aBKH BAaIHAKY TaK i
peTeabHUM 3MILIYBaHHSAM IOPTIAH/LEMEHTY 3 MEJIEHUM BalHAKOM. [lepcreKTUBHMM MeToJ0M
MOKPAIICHHS! MEXaHIYHUX XapaKTepHCTUK OyIiBEIbHHX PO3YMHIB € IHTEHCHMBHA MEXaHOXIMiYHa
aKTUBalligd 3MIIIAHUX IIEMEHTIB B IIBHJAKICHUX 3MilllyBayax TypOYJIEHTHOro Tumy. Po3risHyTi y
CTaTTi THUTAaHHS TOB’s3aHI 3 BHU3HAYCHHSM BIUIMBY pPELENTYPHO-TEXHOJOTIUYHUX (DaKTOpiB Ha
MIIHICTh OyJIBETFHOTO PO3uMHYy B 3-X, 7-mH Ta 28-u qo0oBomy Bimi. JlocmimxyBanach MILHICTb
IPU CTUCKY 3pa3KiB, SIKi OyJdM BHTOTOBJICHI 13 PO3YMHY CyMilli SIK Ha MEXaHOAKTHBOBAHOMY
B’SDKY4YOMY TaK 1 Ha B’SDKyYOMY aHAJIOTIYHOIO CKJIAAy, ajle sike MEXaHOAaKTHBAllii He MiJJIAraio.
ExcnepumeHTanbHi  JOCHIIPKEHHS  MPOBOMWIMCS 3 ~ BHKOPHUCTaHHAM  J[-ONTHMalbHOTO
MaTeMaTHUYHOTO IUIAHY 3 BapilOBaHHSIM HACTYNHUX (aKkTOpiB: X1 — LIEMEHTHO-IIIIaHe B1THOLUICHHS
(Big 1:3 mo 1:1); X2 — BMICT MeJIeHOTO BamHAKY Yy 3MmimaHomy B sokydomy (20 + 20 %); X3 —
BUTpaTa cymnepriactugikyrodoi nodasku Penakcon-Cymnep 1K (0,5 £ 0,5 % Big Macu B’spKydOro).
OpepxaHi MaTeMaTU4HI MOJEN CBIIYATh MPO TE, 1[0 MAaKCUMaJbHUM BIUIMB (13 MEpepaxOBaHUX
(dakTopiB) Ha MILHICTh OyJIBEIHHOTO PO3YMHY HAJa€ BMICT MEXaHOAKTHBOBAaHOI'O B’SDKYUOro B
HbOMY. 3POCTaHHS MOr0 BUTPATH B CKJIaJl PO3YMHOBOI CYMIIlll BHKJIMKAE MIJBUINEHHS MIITHOCTI
OyIiBeNBHOTO pO34MHY B 3-X n0060Bomy Bili 3 24 go 40,5 Mlla, To6To Maiixe Ha 70 %. B 28-u
1000BOMY BIlll BIUIMB BUTPAaTH aKTUBABAHOT'O 3MIIIAHOIO B’SDKYYOrOo Ha MIIHICTH Oy/IiBEIbHOTO
PO3UMHY JIello 3MeHuIyeTbes 1 He nepeBuurye 60 %. HactynmHumu mo BIuMBY (hakTopamMu Ha
MILHICTh OY/IBEIBHOIO PO3UYMHY € BUTpATa CyNnepIuiacTU(ikaTopy Ta MPOLEHTHUI BMICT MEJIIEHOTO
BanHAKy. CyMiCHUH BIUIMB MEXaHOXIMIYHOI akTuBauii B mpucytHoctTi 1 % Penakcon-Cymep I1K
JI03BOJIIE BBOAUTU B mnoptriaHaueMeHT a0 40 % MeneHoro BamHAKY, 3a0€3Meuylodd MpU LOMY
TaKky 5K MINHICTh TPH CTUCKY OYJIBEJBHOTO PpO34YMHY, SIK y pa3l BUKOPUCTaHHSA
HEMEXaHOAKTUBOBAHOTO MOPTIIAHALIEMEHTY, ajie 0e3 100aBKH MEJIEHOTO BaITHSKY.

KurouoBi cioBa: OyaiBenbHMI pO3YMH, MEXaHOXIMIYHA aKTHBallid, BalHSHA CYMIII,
B’sKy4e, MOPTJIAHILEMEHT, MEJICHUI BaITHSIK.
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