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ABSTRACT

Introduction. Lime mortars used for the restoration of historical buildings are characterized by low resistance during operation.
The durability of lime solutions can be increased by using hydraulic lime as a binder. However, the share of hydraulic lime in the
lime binder production structure is only 19.8%. Given the low volume of production of natural hydraulic lime, it is promising to
develop a formulation of artificial hydraulic lime. Materials and methods. To develop the formulation of artificial hydraulic lime,
grade 2 slaked lime (pushonka) with an activity of 64% was used, as well as grade 2 air lime with an activity of 84% (GOST 9179-18).
The technology for producing artificial hydraulic lime consisted of mixing slaked lime with pozzolan additives, as well as mixing air
lime with pozzolan additives during the quenching process. When developing the formulation of the plaster mortar, quartz sand
from various deposits was used as a fine filler. The optimal type of sand was selected based on the strength criterion of calcareous
composites and sand activity, characterized by the value of free surface energy. Results. It has been established that the most ef-
fective is the addition of metakaolin. The compressive strength of the solution at the age of 28 days of hardening is 2.1 MPa when
using second-grade quicklime. Increasing the dosage of metakaolin to 40% by weight of lime increases the compressive strength
to 2.7-3.1 MPa. Pozzolan additives silica, dehydrated clay, diatomite at a dosage of 10% by weight of lime do not provide the re-
quired compressive strength of at least 2.0 MPa. The introduction of Portland cement in the formulation in an amount of 25% by
weight of lime contributes to a significant increase in compressive strength, amounting to 2.9-4.0 MPa, depending on the type
of additive and type of lime, as well as the technology of binder preparation. The porosity of calcareous stone based on artificial
hydraulic lime was determined, amounting to 48-51%, while a decrease in the volume of closed pores was observed. Solutions
based on artificial hydraulic lime provide sufficient adhesion strength to the brick substrate, amounting to 0.4-0.55 MPa/kg. It has
been established that the use of methakaolin in the amount of 40-50% of the mass of air lime makes it possible to obtain artificial
hydraulic lime. The developed compositions of artificial hydraulic lime are proposed to be used for the restoration of buildings of
historical buildings, as well as finishing newly erected facilities. Conclusion. It has been established that the use of aerial quicklime
in the preparation of artificial hydraulic lime promotes a more durable lime composite structure. The porosity of limestone based
on artificial hydraulic lime is lower than that of limestone based on aerial lime, and for limestone based on cement-based composi-
tions, it is lower than that of limestone based on hydraulic lime. HL artificial hydraulic lime and plaster mortar formulations based
on it have been developed for the restoration of cultural heritage sites and the finishing of new buildings.
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AHHOTALMA

BBepieHme. 13BecTKOBbIE PAaCTBOPbI, NPYMEHAEMbIE AJ1A pecTaBpaLluv 34aHNIN UCTOPUYECKON 3aCTPOIKI, XapaKTepu3yHOTCA HU3KOM
CTOWKOCTbIO B MpoLiecce 3KcnnyaTauuu. CTOMKOCTb N3BECTKOBbIX PAaCTBOPOB MOXKET OblTb MOBbILLEHA NPYMEHEHVEM B KayecTse
BAXYLLEro rvapaBnmyeckon nssectn. OfgHako B CTPYKType BbiMyCKa 13BECTKOBOIO BAXYLLEro AONA MMApaBAnyecKon N3BecTu co-
cTaBnaeT Bcero nuwb 19,8%. YuntbiBas HU3KUN 06beM NPOM3BOACTBA HaTypasibHOW A PaBANYECKON N3BECTN, MePCNEKTUBHON
ABnAeTCcA pa3paboTka peLenTypbl NCKYCCTBEHHON rMapaBnMyeckoin n3sectu. MaTtepuanbi u metoAbl. [1na pa3paboTku peLenTypbl
NCKYCCTBEHHOW rMApaBMyeCcKon N3BecTv NPYMEHANN ralleHyio U3BeCTb (MyLIOHKa) 2 copTa C aKTUBHOCTbIO 64%, a TakXke BO3AYLUHYIO
N3BeCTb 2 COpTa C aKTMBHOCTbI0 84% (TOCT 9179-18). TexHonorna nony4eHna NCKyCCTBEHHON MMApaBnnyeckor U3BeCTu 3aksiioyanach
B CMELUMBaHWU ralleHol N3BeCT C NyLL0NaHOBbIMM J06aBKaMU, a TakKe B CMeLIVBaHMW BO3AYLLIHOW N3BECTM C MYLLLONaHOBbIMU
AobasKkamu B npovecce raweHus. Mpu paspaboTke peLenTypbl WTYKaTypHOro pacTBOpPa B KauecTBe MENKOro 3anofHuTens npu-
MEHANV KBapLIEBbI NeCOK PasNYHbIX MeCTOpOXKAeHUI. Bbibop onTumanbHOro BrAa necka NpoBOAWICA U3 KPUTEPUA MPOYHOCTH
N3BECTKOBbIX KOMMO3UTOB M aKTUBHOCTY NECKa, XapaKTepn3yemol 3HaueHnem CBOOOAHOM MOBEPXHOCTHOM 3Heprin. PesynbraTbl.
YcTaHOBNEHO, UTO Hanboree 3hpdeKTUBHOI ABNAETCA fLobaBKa MeTakaonmHa. [POYHOCTb MpK CKaTr pacTBOpa B BO3pacTe 28 CyToK
TBepaeHuA cocTasnaeT 2,1 MINa npu nprMeHeHUN HeralueHo N3BeCTU BTOPOro COpTa. YBennyeHvie A03MPOBKM MeTakaonnHa Ao 40%
OT MacCbl M3BECTU MOBBILAET MPOYHOCTb MW CKaTumn Ao 2,7-3,1 MMMa. MyuuonaHoBble J06aBKN (MUKPOKpeMHe3eM, AernapaTmpo-
BaHHas rMviHa, AYAaTOMMT) Npy Jo3UpoBKe 10% OT MacCbl M3BECTW He 06ecneymnBatoT TpebyemMo MPOYHOCTN NP CKaTUK, PaBHON
He meHee 2,0 MlMa. BBefeHue B peLienType nopTiaHALEMEHTa B KomuecTse 25% OT MacChl 3BECTY CMOCOOCTBYET 3HAUMTENIbHOMY
MOBbILIEHWIO MPOYHOCTU MPU CKaTUW, cocTaBnaAoLemy 2,9-4,0 MMa B 3aBMCMMOCTY OT BuAa A06aBKM 1 BAA N3BECTH, @ TAaKXKE TeX-
HOMOrVW NPUrOTOBIIEHNA BAXKYLLero. OnpeaenieHa NOPUCTOCTb N3BECTKOBOIO KaMHA Ha OCHOBE UCKYCCTBEHHO rmppaBamnyeckom
U3BeCTU, cocTaBnAoLwasn 48-51%, Npu 3ToM HabnoJAeTCA yMeHblUeHre 06bemMa 3aKpbITbIX MOpP. PacTBOPbI Ha OCHOBE NCKYCCTBEH-
HOW MMApPaBIMYeCcKO N3BECTU 06ecrneyrBatoT JOCTaTOUHYIO MPOYHOCTb CLEMEHNA C KUPMMYHON MOLNOXKKOW, COCTaBNALLYO
0,4-0,55 MITa. 3aknioyeHune. YCTaHOBIEHO, YTO NPUMEHEHVE BO3AYLLHON HeraleHon N3BecTy NP NPUroToBAEHNN NCKYCCTBEHHON
rMApaBaNYeCcKon U3BECTN CNOCOBCTBYET Gonee NPoYHOMY GOPMUPOBAHNMIO CTPYKTYPbl M3BECTKOBOIO KOMMO3UTa. BbiABNeHO, uTo
MOPUCTOCTb N3BECTKOBOTO KaMHA Ha OCHOBE NCKYCCTBEHHON MMApaBiMyeCckon 3BeCTU MeHbLLE MO CPaBHEHMIO C KaMHEM Ha OCHOBe
BO3[YLUHOW N3BECTY, @ AN1A N3BECTKOBOIO KaMHA Ha OCHOBE COCTaBOB C MPUMEHEHVEM LieMeHTa — MeHbLUe, YeM Ha OCHOBe rmapaB-
Nmyeckomn n3sectn. PazpaboTaHbl COCTaBbl ICKYCCTBEHHOWM rMAPaBANYeCcKoi n3sectu HL 1 lWTyKaTypHOro pactBopa Ha ee OCHOBe,
npefHa3HayeHHble AnA pecTaBpaLuy 06beKTOB KyIbTYPHOIO HacIeAnaA 1 OTAENKM BHOBb BO3BOAMMbIX O6BEKTOB.

KJTIOYEBBIE CJIOBA: 13BecTb, NyLL0NIaHOBbIe J06aBKU, MPOUYHOCTb, MOPUCTOCTb, CBOOOAHAA SIHEPrUs MOBEPXHOCTU

BNNATOAAPHOCTMW: PaboTa BbiNonHanack B paMkax BbiNosHeHus rpaHTa OTpacneBoro KoHcopumyma «CTpoUTeNIbCTBO 1 apXmUTeK-
Typa» Ha npoBeAeHne dyHAAMEHTaNbHbIX U NMPUKNaAHbIX HayYHbIX UCCIIe0BaHMIN.

ana uMTUPOBAHUA:
JNoraHnHa B.W, TapbkuHa U.A., Tkau E.B., CrenuHa W.B. PazpaboTka UCKYCCTBEHHOW rmapasnmyeckoi nssectn. HaHomexHonoauu
8 cmpoumesnbcmae. 2026;18(2):159-166. https://doi.org/10.15828/2075-8545-2026-18-2-159-166. - EDN: WZDOJN.

INTRODUCTION

One of the challenges facing modern society is the global
increase in CO, emissions and the associated rise in tem-
perature. The construction industry is one of the largest
sources of CO, emissions, accounting for over 15% of all
greenhouse gas emissions. The cement industry alone
accounts for 5—7% of global CO, pollution. One solution

to this problem is the wider use of lime mortars. However,
lime mortars are characterized by low durability during
operation. To increase strength and durability during op-
eration, various modifying additives are added to lime
mortar formulations [1-3].

The durability of lime mortars can be increased by
using hydraulic lime as a binder. Demand for hydraulic
lime has increased in recent years, particularly in connec-
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tion with the preservation of historic buildings. Natural
hydraulic lime is characterized by compatibility with old
masonry, low shrinkage, resistance to salt and frost, and
higher deformability and vapor permeability [4—6].

However, hydraulic lime accounts for only 19.8% of to-
tal lime binder production. Demand for this type of binder
remains limited. The lime market’s prospects in the near
future will largely be determined by the dynamics of key
consumption segments. Considering the low production
volume of natural hydraulic lime, the development of a
formula for artificial hydraulic lime is promising.

Artificial hydraulic lime can be produced by mixing
air-blown lime with pozzolanic additives. Commonly
used additives for lime include metakaolin, fly ash, micro-
silica, ground brick, dehydrated clay, etc. [7—11]. In ad-
dition to binary combinations (lime — pozzolan), ternary
systems (lime:pozzolan:cement) have proven effective.

The properties of artificial hydraulic lime are influ-
enced by early hardening conditions, including the pres-
ence of water, which facilitates the pozzolanic reaction
and the transport of CO, for subsequent carbonation. The
synergistic and competitive effect of these two reactions
ensures the level of early strength in pozzolanic systems
[12, 13].

The properties of artificial hydraulic lime are signifi-
cantly influenced by the reactivity of lime and pozzolanic
additive, as well as their ratio in the formulation [14]. Too
much additive can lead to increased drying shrinkage [15].
Furthermore, the application technology of the mortar
plays a fundamental role in the optimal curing of the fresh
mortar [16, 17].

An analysis of scientific and technical literature shows
that, despite the existing research results, many issues
require more detailed consideration when developing
a formula for artificial hydraulic lime. The aim of the
work is to develop a composition of artificial hydraulic
lime and plaster mortar based on it for the restoration of
historical buildings.

METHODOLOGY

To develop the recipe for artificial hydraulic lime,
slaked lime (fluff) of the 2" grade with an activity of 64%,
as well as air lime of the 2nd grade with an activity of 84%
(GOST 9179-18) were used. The technology for obtaining
artificial hydraulic lime consisted in mixing slaked lime
with pozzolanic additives, as well as in mixing air lime
with pozzolanic additives during the slaking process. In
the work, diatomite of the Inzenskoye deposit, condensed
uncompacted microsilica MK-85 (SSp = 24 000 m?/kg)
with the content (in % by mass %) were used as a poz-
zolanic additive: SiO, — 92; ALO, —0.9; C — 1.6; CaO —
0.85; MgO — 0.4; (YDD Corporation LLP, Kazakhstan),
highly active metakaolin VM K-45 (Ssp = 1700 m?/kg)
with the following content (in % by weight): SiO, — 53;

Al O, — 42 and pozzolanic activity of 1210 mg/g (Sinergo
LLC, Russian Federation), as well as clay from the Penza
region (Belinskoye deposit) heat-treated at 600 °C. The
composition of diatomite is represented by the following
oxides, %: SiO, — 84—87, AL,O, —5.5—6, Fe,0, 2.5-3,
CaO — 0.61. The chemical composition of clays is pre-
sented in Table 1.

Table 1. Chemical composition of clay

Name of oxides Content, %
Sio, 59.56
A1,0, 11.85
Fe,O, 4.54
Other 24.05

White cement PCB 1-500 D0 (GOST 965-89) was
also used to develop the composition of artificial hydraulic
lime. For comparison, natural hydraulic lime “Tamasli”
NHL was used in the study. The hydraulic modulus of
this lime is M = 2.69.

After molding, the samples were covered with polyeth-
ylene film, cured for 7 days, then removed from the mold
and conditioned in water for 21 days. The compressive
strength of the samples was determined after 28 days of
curing in accordance with GOST 9179-2018 “Construc-
tion Lime Technical Specifications.”

When developing the plaster mortar formula, quartz
sand from various deposits was used as fine aggregate.
The optimal sand type was selected based on the strength
of limestone composites and the sand’s activity, charac-
terized by its free surface energy [18].

The surface free energy (SFE) was determined using
the OVRK method. Glycerin and water, each with known
surface tension values and their dispersion and polar com-
ponents, were used as working fluids. The contact angle
was measured on tablet samples prepared by pressing sand
into a 20 mm diameter metal mold. By extrapolating the
dependence cos© = f{o,) to cos© = 1, the critical sur-
face tension of a solid surface was obtained. The polar
and dispersion components were calculated using linear
regression

or(1+cosf) P . i d
\/7 =0 ,/Uii‘l',’o's , (1)
2 |op

where o, is the surface tension of the working fluids;

o'is the dispersion component of the surface tension
of the working fluids;

o,” is the polar component of the surface tension of
the working fluids;

o'is the dispersion component of the surface tension
of the material being studied;
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o’ is the polar component of the surface tension of
the material being studied;

0 is the contact angle of the material being studied.

The dispersion component of the surface tension of
the studied material (sand) o,/ was determined as the
tangent of the angle of inclination of the line to the ab-
scissa axis, and the segment intercepted by the line on the
ordinate axis is equal to the value of the polar component
of the surface tension of sand o,. At least five measure-
ments were carried out for each sample.

The value of surface energy £ was determined by the
total surface area of the dispersed sample and was calcu-
lated using the following expression

E=0S

sp>

2)

where o is the surface tension of the quartz filler;
Ssp is the specific surface area of the quartz sand.

RESULTS AND DISCUSSION

Table 2 shows the results of the evaluation of the com-
pressive strength of lime mortars.

Table 2. Compressive strength of lime mortar

v

Data analysis (Table 2) shows that metakaolin is the
most effective additive in improving the strength of lime
composites. The compressive strength of mortar after
28 days of curing is 2.1 MPa when using second-grade
quicklime. Increasing the metakaolin dosage to 40% of
the lime weight increases the compressive strength to 2.7—
3.1 MPa, allowing the production of artificial hydraulic
lime without the addition of cement. All other pozzolanic
additives, when added at a rate of 10% by weight of lime,
failed to provide the required compressive strength of at
least 2.0 MPa. Adding 25% of Portland cement to the
formulation significantly increases compressive strength,
ranging from 2.9 to 4.0 MPa, depending on the additive
type, the type of lime, and the binder preparation tech-
nology. The use of air-blown quicklime in the prepara-
tion of artificial hydraulic lime promotes a more durable
structure of the lime composite.

Table 3 shows the porosity values for limestone based
on artificial hydraulic lime. The results show that the po-
rosity of limestone based on artificial hydraulic lime is
lower than that of limestone based on air-blown lime,
and for limestone based on cement-based mortars, it is
lower than that of limestone based on hydraulic lime.

No. Type of binder Compressive strength, MPa
1 Air lime

2 NHL Hydraulic Lime 2.05
3 Air lime + Portland cement 25% 29/3.2
4 Air lime + 10% metakaolin 1.4/2.1
5 Air lime + 40% metakaolin 2.7/3.1
6 Air lime + 10% microsilica 1.2/1.6
7 Air lime + 10% microsilica + Portland cement 25% 3.4/3.7
8 Air lime + diatomite 10% 1.1/1.4
9 Air lime + dehydrated clay 10% 1.3/1.5
10 Air lime + diatomite 10% + Portland cement 25% 3.1/35
1 Air lime + 25% cement + 10% metakaolin 3.7/4.0

Note. * Above the line are the values of the compressive strength when using slaked lime, below the line — when using non-slaked lime.

Table 3. Porosity of limestone

No. Type of binder Porosity, % 353‘;&?:2 C‘:zf : :1: :;;e Wa;oe;;l:;:irg;iton,

1 Control 60 50 10 44
2 | NHL Hydraulic Lime 52 38 14 36
3 | Airlime + 10% metakaolin 57 46 11 34.8
4 | Air lime + 40% metakaolin 54 41 13 327
5 | Airlime + 10% microsilica + 25% Portland cement 51 41 10 36
6 | Airlime + diatomite 10% + Portland cement 25% 53 43 10 33

7 | Airlime + 25% cement + 10% metakaolin 48 39 9 31
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For example, the porosity of limestone based on natural
hydraulic lime is 52%, while that of mortars with poz-
zolanic additives and cement is 48—51%, with a decrease
in closed pore volume observed.

The kinetics of lime binding with CaO during the
hardening process was studied (Fig. 1).

An analysis of the experimental data indicates that the
amount of free lime decreases over time. Thus, at 7 days,
the amount of free CaO in the control sample was 85%,
and at 28 days, 79% (Fig. 1, curve 1). In samples with the
addition of metakaolin, the free lime content decreased to
64% by the 28" day of curing (Fig. 1, curve 2), and with
the addition of metakaolin and cement, it decreased to
60% (curve 4).

The presence of free lime in hydraulic lime mortar
ensures the self-healing of small cracks. This occurs as
the lime in the mortar dissolves in water and, through
evaporation, moves to the surface. The reaction between
calcium hydroxide and atmospheric carbon dioxide gas
forms calcite, which fills and seals the cracks.

When developing a plaster mortar formulation, the
effect of quartz sand type on mortar strength was as-

sessed. A thermodynamic method was used. To evaluate
the optimal sand type, artificial hydraulic lime containing
air-dried slaked lime and 40% metakaolin was used as
a binder. The samples were cured in air-dry conditions.
The results are presented in Table 4.

Analysis of the data presented in Table 4 indicates
that with increasing surface free energy (SFE) values of
quartz sand, an increase in the compressive strength of
the limestone composite is observed. Thus, the com-
pressive strength of the limestone composite based
on Sura sand, characterized by a higher surface free
energy (SFE) value of 70.285 mN/m, is 2.4 MPa, while
that based on sand from the Chaadaevskoye deposit,
whose surface free energy (SFE) is 62.8 mN/m, is
1.92 MPa

To summarize the above, it should be noted that the
optimal sand from the energy point of view is the Sura
deposit, which provides higher strength of the limestone
composite.

Mortars based on artificial hydraulic lime provide
sufficient bond strength to the brick substrate, amount-
ing to 0.4—0.55 MPa (Fig. 2). The bond strength of

Amount of free lime %
)
S

o

10

Curing time, day

15 20 25 30

Fig. 1. Kinetics of changes in free CaO concentration in lime compositions: 1 — control lime composition without
additives; 2 - artificial hydraulic lime (40% metakaolin additive); 3 - artificial hydraulic lime (10% metakaolin
additive + 25% cement); 4 - artificial hydraulic lime (10% microsilica additive + 25% cement)

Table. 4. Surface free energy (SFE) values of quartz sands

Nameofsand | "0 0{ (D™ | Drancofihasen s | SERmmme | ST ey e
Rtishchevsky 50.48 18.49 68.97 593.142 2.1
Ramensky 53.08 16 69 614.1 23
Nikolsky 50.335 18.49 68.82 557.442 2.0
Sursky 51.79 18.49 70.285 687.106 24
Chaadaevsky 48.36 14.44 62.8 436.46 1.92
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Fig. 2. The adhesion strength of mortar to a brick substrate: 1 — mortar based on air-dried lime; 2 - mortar based on
hydraulic lime; 3 - mortar based on air-dried lime + 25% Portland cement; 4 — mortar based on slaked lime + 40%
metakaolin; 5 - mortar based on quicklime + 10% metakaolin

mortar based on hydraulic lime is Rad = 0.6 MPa. The
increase in adhesion strength is explained by the poz-
zolanic reaction of metakaolin, which enhances the
formation of calcium silicate hydrous gel (C—S—H),
improving the microstructure and adhesive properties
of the solution.

A comparison of the properties of a mortar based on
artificial hydraulic lime HL with the properties of a mor-
tar based on natural hydraulic lime NHL shows that the
proposed formulation of artificial hydraulic lime meets
the requirements of national and international regulatory
documents (DIN 18550) in terms of achieving a minimum
compressive strength of 2.0 MPa.
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