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Abstract: The article discusses the effect of calcined clays on the properties of Portland cement. An optimal method 
for calcining clays is proposed, which makes it possible to reduce the proportion of Portland cement clinker in 
cement to 60% and increase the strength characteristics from 55 MPa to 79 MPa. The study of the composition and 
structure of clays made it possible to select the optimal heat treatment parameters, at which the calcination products 
are characterized by the highest pozzolanic activity. It is shown that the use of alkali-activated calcined clays 
significantly increases the strength and durability of hardened cement binders compared to the composition without 
additives. In addition, calcined clays increase the frost resistance of cement in a 5% NaCl solution. The obtained 
experimental data are confirmed by thermodynamic calculations and the results of scanning electron microscopy. 
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1. INTRODUCTION 

Portland cement with mineral additives is widely 
used around the world. The clinker factor in 
Europe ranges from 0.7 to 0.75 [1]. Moreover, the 
special Limestone Calcined Clay Cement (LC3) 
technology, where calcined clays and limestone 
are used as mineral additives, allows to achieve a 
clinker factor index equal to 0.5 [2]. However, the 
soft European climate, where this technology has 
found application, doesn`t assume alternating 
temperatures in cold seasons, when the 
temperature fluctuates from -20℃ to + 5℃ in one 
season. These conditions are more typical for the 
territories with a temperate continental climate, 
such as the countries of northern Europe, the 
Western part of Russia, and the Urals. Moreover, 
the zones along the sea and ocean coasts are 
particularly vulnerable. It is known, that the 
seawater, which contained chlorides and sulfates 
salts, could settle on the surface of concrete 
structures and have an adverse effect in 
combination with frosts. In this way, the 
preference in construction in such conditions is 
given to additive-free cement composition. 
Within the framework of this article, a group of 
researchers faced the task of finding out how 
much mineral additives could be used in cement 
in such conditions, as well as answering a number 
of questions. What kind of mineral additives 
could preferably use to increase the strength and 
frost resistance of the composite? In which way 
do mineral micro-fillers affect the properties of 

types of cement? 

1.1. The study's Background 
The internal defects can be localized in cement 
mineral additives, thus reducing the stress 
concentration in the composite. The pore system 
and the hydration process are transformed, etc. [3, 
4]. Most finely ground dispersed fillers are used 
to improve the strength and deformity properties 
of composite materials. Thus, due to the rational 
use of mineral additives to cement, in addition to 
reducing the clinker factor, it is possible to 
effectively increase resistance in aggressive 
environments of hardened cement [5, 6]. 
Generally, the contact zones of aggregate and 
cement gel, osmotic pressure, and ice 
crystallization pressure are mainly analyzed when 
considering the frost resistance of cement 
concretes, [7-12]. However, authors consider the 
frost resistance of the binder component itself 
(cement) as one of the reasons affecting the frost 
resistance of concrete on a par with the above. 

2. EXPERIMENTAL PROCEDURE 

2.1. Materials and Methods 
The tests were carried out with Portland cement 
CEM I 52, 5N GOST 31108-2020 produced by 
«HeidelbergCement RUS». Calcined clays were 
used as active mineral additives. Thermal 
activation was carried out in two ways: in the 
presence of alkalis (1М NaOH solution), further 
AC, and without firing intensifiers (further TAC). 
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The calcination temperature of the clays was 
changed from 650℃ to 800℃, while the heat 
treatment time was 60 minutes for each of the 
selected temperatures. 
The clay deposit has a significant impact on the 
content of the main clay oxides (silicon and 
aluminum oxides) in the composition of 
aluminosilicate. Therefore, clays produced by 
«Gornozavodskcement» (Russia) in the Western 
Urals (Clay 1) and «HeidelbergCement RUS» 
(Clay 2), were selected for the study and shown in 
Table 1. 
The change in the chemical and mineralogical 
composition of clays before and after heat 
treatment was determined using X-ray phase 
analysis and infrared spectroscopy (IS). It was 
found that natural Clay 1 contains kaolinite as the 
main clay mineral, in addition, chlorite and 
muscovite phases are present. Natural Clay 2– 
illite, kaolinite, and hydrosludes. Clays belong to 
layered silicates with a 2:1 structure. 
To increase the mobility of the mixture, regulate 
water demand, and impart special properties to 
cement stone, chemical additives produced by the 
BASF Chemical concern were added together 
with the mixing water: MasterGlenium ACE 
plasticizer in an amount of 0.7% (further SP) and 
Glenium Air 125 air-entraining additive in an 
amount of 0.5% (further AE). 
Determination of the normal consistency, setting 
time dough, and strength was carried out 
according to standard methods [13]. Changes in 
the phase composition depending on the 
hardening conditions were recorded using the 
methods of XRD, differential thermal analysis 
(DTA), and pycnometric method, as well as by 
studying the specific surface of cement stone 
hydrates by electron scanning microscopy 
performed at the Center for Collective Use of the 
D.I. Mendeleev RCTU. 
Pozzolan activity was measured by the method of 
absorption of lime from lime solution by an active 
mineral additive [14]. 

3. RESULTS AND DISCUSSION 

3.1. Influence of Calcination Modes on Clay 
Activity 
It is known that natural clays cannot be used as a 
mineral additive, since, on the one hand, they are 
inert aggregates, and on the other hand, they lead 
to a sharp decrease in the construction and 

technical properties of cement. However, it has 
been established that under certain conditions of 
calcination, it is possible to achieve their high 
pozzolanic activity [15-16]. 
Natural clays have a diverse chemical and 
mineralogical composition depending on their 
deposit. Therefore, clays from different deposits, 
characterized by different chemical and 
mineralogical compositions, were selected as 
initial samples. Therefore, to determine the optimal 
temperature of calcination, natural clays were 
investigated using DTA. As a result of the analysis, 
the optimal modes were established: for Clay 1– 
700℃ for 1 hour, and Clay 2– 750℃ for 1 hour. 
To confirm the data obtained, the pozzolanic 
activities for all compositions were determined at 
the next stage (Table 2). It was found that the 
pozzolanic activity of clays directly depends on 
the temperature and time of calcination, which 
confirms the results of DTA. So, for Clay 1  
(T= 700 ℃, τ= 60 min), the activity is 450 mg/g 
of the additive, and for Clay 2 (T= 750℃, τ= 60 
min) –415 mg/g of the additive. 
It is known that the calcination process can be 
intensified by introducing various additives [17-
21]. So, alkaline activation of clays with a 
solution of NaOH (1 M) was carried out before 
calcination. Natural clays were thoroughly mixed 
with the solution, after which they were dried at 
T= 100- 120℃ to remove excess moisture, after 
which they were fired. Using X-ray phase 
analysis and infrared spectroscopy, it was found 
that to achieve the maximum activity, it is 
necessary to reduce the temperature of calcination 
by 100-150. This fact positively affects the 
process of obtaining Portland cement with 
thermally activated clays [22-23].  
A decrease in the calcination temperature of clays 
and an increase in their activity is associated with 
the process of changing the structure of clays. The 
introduction of inorganic compounds into the 
interlayer space is carried out. As a result of 
pillarization, hydrolysis of metal ions occurs with 
the formation of polynuclear hydroxo complexes. 
It should be noted, that the distance between  
the aluminosilicate layers increases an  
aqueous solution of alkali. The modified  
material was dried and calcined at set 
temperatures (from 650℃ to 800℃). The heat 
treatment was accompanied by the dehydration 
and dehydroxylation of the embedded 
polyhydroxocations. As a result – the metal oxide 
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clusters in the interlayer space of clays are 
formed. Which are firmly connected with the 
aluminosilicate layers of clay by oxygen bridges. 
These bridges prevent the convergence of layers, 
forming a stable two-dimensional microporous 
structure in which the interlayer distance is 
significantly increased compared to the natural 
material. Thus, the activity of Clay 1 in the 
presence of alkali (T= 550℃, τ= 60 min) is 590 
mg/g of the additive, and for Clay 2 (T= 600℃, 
τ= 60 min) – 550 mg/g of the additive. The 
activity increased by ~1.3 times compared to the 
activity of heat-treated clays without intensifiers. 
Figure 1 clearly shows that the alkaline solution 
significantly increases the intensity of Si-O and Al-
O vibrations, which also confirms the activity data. 

3.2. Effect of Thermally Activated Clays on 
Hardened Cement's Strength 
It is known that cement has a complex 
mineralogical composition, which provides the 

necessary indicators of strength, water resistance, 
and corrosion resistance [24]. 
The main cement minerals are alite (C3S), belite 
(C2S), tricalcium aluminate (C3A), aluminoferrite 
(C4AF), gypsum (CaSO4*2H2O), free calcium 
(CaO), and magnesium (MgO) oxides. As a result 
of the interaction of these minerals with water, 
hydro silicates (HS), hydro aluminates (HA), 
hydro ferrites, and calcium hydro sulfoaluminates 
are formed. This process leads to cement hardening 
[4, 13]. Special attention should be paid to free 
calcium and magnesium oxides, as they can 
increase the volume of hydrate formations later, 
which can significantly disrupt the structure of 
hardened cement. To regulate the content of 
Ca(OH)2 and Mg(OH)2 in hardened cement, active 
mineral additives– metakaolin can be used [13, 
24]. In addition to metakaolin, other, similar active 
mineral additives can be used. For example, 
calcined clays can bind Ca(OH)2 and Mg(OH)2 to 
form HS and HA as well as metakaolin. 

Table 1. Chemical composition of clays 

Clays Content, % 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 R2O P2O5 TiO2 

Clay 1 43.64 26.66 7.18 12.75 1.81 4.65 2.57 - 0.74 
Clay 2 65.76 24.11 5.44 2.29 1.68 0.56 0.16 - - 

Table 2. Pozzolan activity of clays heat-treated under different conditions 

Clays T, оС  
(𝝉𝝉 = 𝟔𝟔𝟔𝟔 𝐦𝐦𝐦𝐦𝐦𝐦) 

The quantity of CaO absorbed 
by 1 g of supplements, mg 

𝛕𝛕,𝐦𝐦𝐦𝐦𝐦𝐦  
(T= const, оС) 

The quantity of CaO absorbed 
by 1 g of supplements, mg 

Clay 1 

650 320 

70
0 

30 340 
700 450 60 450 
750 385 90 410 
800 360 120 380 

Clay 2 

650 320 

75
0 

30 350 
700 350 60 415 
750 415 90 360 
800 370 120 330 

        
Fig. 1. IR-spectrogram of thermally activated clays: a – Clay 1, b – Clay 2 

a b 
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The amorphized aluminosilicate of the 
composition – Al2O3∙2SiO2 formed as a result of 
calcination. This phase actively interacts with 
calcium hydroxide Ca(OH)2, which is a product 
of cement hydration. As a result, HS, HA of 
various compositions, as well as Al(OH)3 are 
formed (Fig. 2). It was confirmed by 
thermodynamic calculations.  

 
Fig. 2. The interaction of calcium hydroxide with 
thermally activated clay in two-component system 

Al2O3∙2SiO2 - Ca(OH)2 

Following these calculations, it is possible to 
observe high basic HA (4CaO∙Al2O3∙19H2O) and 
highly basic HA (4CaO∙3SiO2∙1,5H2O) in 
Al2O3∙2SiO2 - Ca(OH)2 system at first (in the zone 
of the minimum molar fraction of metakaolin) in 
the presence of excess water. Then the basicity  
of the HS decreases (CaO∙2SiO2∙2H2O and 
2CaO∙3SiO2∙2,5H2O). Moreover, the Al(OH)3 
forms instead of HA. So, it positively affects the 
strength of hardened cement and leads to the 
further formation of HA of various compositions. 
To confirm the theoretical data obtained, the 
strength of hardened cement with calcined and 

alkali-activated clays was studied. In the first 
stage, Portland cement clinker was mixed with 
calcined clays (the content of heat-treated clay 
from 0% to 20% by weight of cement). The 
optimal content of the active mineral additive in 
the cement composition was 15% (Fig. 3). With a 
further increase in the content of the additive, the 
strength decreases, but at the same time remains 
higher than the index of theadditive– free cement 
(bending strength– 30.1 MPa, compressive 
strength - 54.2 MPa). It should be concluded, that 
Portland cement clinker replacing (at least by 
15%) does not decrease, but continues to grow the 
strength of hardened cement for 28 days 
intensively. For cement with heat– treated Clay 1, 
bending strength is 39.4 MPa, and compression 
strength is 65.1 MPa, for Clay 2 – 36.8 MPa and 
67.2 MPa, respectively (Fig. 3). 
Due to the higher activity ofalkali–activated 
clays, they can be used to replace not 15% of 
Portland cement clinker, but 25% - without loss 
of strength (Fig. 4). 
The strength of compositions with alkali-
activated Clay 1 is 46.2 MPa when bending and 
76.2 MPa when compressing for 28 days of 
hardening, with Clay 2 – 44.2 MPa when bending 
and 79.3 MPa when compressing.  
Thus, all heat-treated clays increase the strength 
of cement. Let's compare the best compositions 
with ordinary Portland cement (OPC) (Fig. 5). 
The composition withalkali–activated Clay 2 
(AC2) is characterized by maximum strength-
bending strength of 44.2 MPa, the compression 
strength of 79.3 MPa. Similar results for cement 
with alkali-activated Clay 1 (AC1). At the same 
time, heat-treated Clay 1 (HC1) and Clay 2 (HC2) 
are also suitable as active mineral additives in 
cement, but their effectiveness is lower. 

       
Fig. 3. The strengths of hardened cement with calcined clays : а – Clay 1, b – Clay 2 

a b 
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Fig. 4. The strengths of hardened cement with alkali–activated clays: а – AC1, b – AC2 

In the case of alkali-activated clays, the Portland 
cement clinker can be replaced by at least 25%. 
Calcined clays, like most active mineral additives, 
lead to an increase in the water demand for 
cement dough and mortar. Therefore, it is 
reasonable to use plasticizing and other 
modifying additives together. 

 
Fig. 5. The strengths of hardened cement with 

calcined (only) and alkali–activated calcined clays 

3.3. The Effect of Alkali-Activated Clay on the 
Frost Resistance of Portland Cement 
It is known that when testing cement concretes for 
frost resistance by the accelerated method, the 5% 
NaCl aqueous solution is used to saturate and 
thaw samples [25]. In real conditions, the sources 
of chlorides are deicing salts and seawater. It is 
considered, that in the medium of sodium 
chloride, the destruction of samples occurs 
several times faster, as a result of which there isn`t 
necessary to carry out 100, 200, 300, or more 
cycles of alternating freezing and thawing. 
Solutions of easily soluble salts (in particular 
chloride salts), when they get into the pore 
solution of cement stone, can shift the equilibrium 
and increase the solubility of the initial hydrate 
phases. The most sensitive is the phase of 

portlandite Ca(OH)2. The compound has a low 
solubility in water under normal conditions (only 
0.189 g/100 g of H2O at 20 ℃ ). However, 
according to the thermodynamic calculations 
carried out according to reference data [26-28], it 
can be verified that the isobaric-isothermal 
potential of the portlandite and sodium chloride 
interaction (under equilibrium conditions at 20℃) 
is much less than zero, which indicates its 
spontaneous course (ΔG298

reaction=  –206.6 kJ): 
Ca(OH)2 + 2NaCl = CaCl2 + 2Na+ + 2OH-   (1) 
The interaction of portlandite with chlorides in an 
aqueous solution leads to an exchange reaction of 
Calcium chloride formation. CaCl2 has an 
increased solubility (74 g/100 g H2O at 20℃). As 
a result, the Ca2+ and (again) Cl- ions transit into 
a pore solution. This adversely affects the 
integrity of the structure and may lead to further 
transformation and destruction of the hydrate 
system. Fig. 6 presents the dynamics of the 
strength and real density behavior according to 
frost résistance determining the hardened cement 
OPC and cement with alkali-activated clay (AC1) 
both in the presence of additives SP and AE. 
The pycnometric method of real density 
determining is real sense to all recrystallizations 
in the structure of a material. A rapid drop in the 
strength characteristics of additive-free cement 
occurs after 10 cycles of freezing and thawing, 
however, further, the structure appears to be 
transformed and compacted due to the 
recrystallization of phases, which is why it is 
possible to observe the dynamics of strength 
increasing until the end of the experiment. This 
drop correlates with density date changes. The 
structure of hardened cement with alkali-
activated clay looks more stable, the strength drop 
occurs evenly, but stepwise.

b a 
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Fig. 6. Compressive strength (a) and real density (b) of hardening cement with alkali activated clay (AC2) and 

without clay (OPC) 

The high specific surface area of clays, which 
entailed an increase in water demand even in the 
presence of chemical additives, decreased the 
density of hardened cement. However, in contrast 
with the additive-free composition, by 10 cycles 
the density rapidly increases from 2.2978 g/cm3 
to 2.3474 g/cm3. Further, the structure is also 
compacted, but with less intensity. As a result of 
the above, it can be concluded that the structure 
of hardened cement with the addition of clay is 
more stable and, at least, is not inferior in 
physicomechanical parameters to the additive-
free composition. In particular, this is possible 
due to the portlandite content reducing in the 
composition of AC1 since the OPC composition 
had the most rapid drop in strength at the 
beginning of the experiment to determine frost 
resistance (10 cycles). Just during the active 
course of the exchange reaction between the 
Ca(OH)2 and transition the Ca2+ and Cl- ions into 
a pore solutionFor a detailed analysis of the 
cement stone structure during this most sensitive 
period for samples, the method of scanning 
electron microscopy was used. The data obtained 
are presented in Fig. 7. The photos obtained 
according to electron microscopic present that in 
the case of the OPC composition, not only 
portlandite but also the adjacent HS were 
destroyed after 10 cycles of freezing and thawing. 
Figure 7-b clearly shows the “pitted” surface 
hydration products of alite. This fact affects the 
types of cement strength characteristics. The 
structure of the OPC+AC1 composition is 
represented by a hydrosilicate gel of variable 

composition, which served as a kind of protective 
layer for the hydrate phases of hardened cement 
(Fig. 7-c). It can be seen that this layer is very 
dense (Fig. 7-d) and, even under the influence of 
an aggressive solution and the pressure of ice 
crystallization, preserved the structure's integrity. 
The hydro silicates interact with a solution of 
sodium chloride (Fig. 7-d2). There are corroded 
surfaces resembling the peeling of the protective 
layer. The distraction doesn`t occur here. There 
are many pores of 10-15 microns in size, which 
affects the ability to withstand the emerging 
internal stresses during freezing of physically 
bound water and/or recrystallizations. Thus, it can 
be concluded that the use of alkali-activated clays 
as an additive to cement does not worsen in any 
way, but in some way even improves the frost 
resistance of hardened cement. 

4. CONCLUSIONS 

It was found that clays are characterized by their 
unique chemical and mineralogical composition. 
This must be taken into account when selecting 
the temperature of the calcination regime. The 
activity of heat-treated clays directly depends on 
the selected temperature and calcination time. 
The NaOH solution reduces the temperature of 
the calcination of clays by 100-150℃, while there 
is an increase in pozzolan activity (from 415 to 
590 mg/g of the additive). Moreover, alkali-
activated clays can significantly increase the 
strength of cement (by 1.5 times) and reduce the 
clinker component by at least 25%. This is due to 
the intercalation reaction of clay as a result of 

a b 
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calcination with alkali. Additionally, the 
aluminosilicates react with Ca(OH)2 with HS and 
HA of different composition formations. By 
physical and mechanical characteristics 
controlling methods, as well as by the SEM 
method, it was found that types of cement with 

alkali-activated clays can successfully resist 
freezing and thawing, including in the presence of 
an aqueous solution of chloride salts. The layer of 
hydrosilicate gel formation in the hardened cement 
has a great tendency to interact with ions of the 
pore fluid and prevent the destruction process. 

             

             

             

             
Fig. 7. Structure of the hardened cements before (a, c) and after (b, d) frost resistance tests (10 freezing and 

thawing cycles. Compositions: a, b – OPC; c, d - OPC+AC1. Zoom: a1 - x5000; a2 -x15000; b1 – x3000; b2 – 
x10000; c1 - x5000 ; c2 – x15000; d1 – x5000; d2 - x15000 

a 

b 

c 

d 

7 



I. V. Korchunov, E. A. Dmitrieva, E. N. Potapova, S. P. Sivkov, A. N. Morozov 

8 

REFERENCES 

[1] Zunino, F., Boehm-Courjault, E. and 
Scrivener, K., “The impact of calcite 
impurities in clays containing kaolinite on 
their reactivity in cement after 
calcination.”, https://link.springer.com/ 
article/10.1617/s11527-020-01478-9 

[2] Antunes, M., Santos, R. L., Pereira, J., 
Rocha, P., Horta, R. B. and Colaço, R., 
“Alternative clinker technologies for 
reducing carbon emissions in cement 
industry: a critical review.” Materials, 
2022, 15 (1), 1-19. 

[3] Mueller, U., Lundgren, M. and 
Babaahmadi, A., “Hydration of concrete 
binders blended with ground granulated 
blast furnace slag, fly ash and metakaolin.”, 
https://www.researchgate.net/publication/
350090365  

[4] Korchunov, I. V., Dmitrieva, E. A. and 
Potapova, E. N., “Structural features of a 
cement matrix modified with additives of 
sedimentary origin.” IOP Conference 
Series: Materials Science and Engineering, 
2021, 1083, 1-8.  

[5] Balonis, M., Lothenbach, B., Le Saout, G. 
and Glasser, F. P., “Impact of chloride on 
the mineralogy of hydrated Portland 
cement systems.” Cement and Concrete 
Research, 2010, 40, 1009–1022. 

[6] Yuan, J., Du, Z., Wu, Y. and Xiao, F., 
“Freezing-thawing resistence evaluations 
of concrete pavements with deicing salts 
based on various surfaces and air void 
parameters.” Construction and Binding 
Materials, 2019, 204, 317-326. 

[7] Liu, L., Qin, G., Qin, S. and Tao,  
G., “Simulation of the volumetric  
deformation and changes in the pore  
structure of unsaturated cement-based  
materials subjected to freezing/thawing.” 
Construction and Building Materials, 2020, 
230, 116964. 

[8] Rhardane, A., Sleiman, S. A. M., Alam, S. 
Y. and Grondin, F., “A quantitative 
assessment of the parameters involved in 
the freeze–thaw damage of cement-based 
materials through numerical modelling.” 
Construction and Building Materials, 2021, 
272, 121838. 

[9] Koniorczyk, M., Grymin, W., Zygmunt, M. 

and Gawin, D., “The single freezing 
episode of early-age cementitious 
composites: Threshold properties of 
cement matrix ensuring the frost 
resistance.” Construction and Building 
Materials, 2021, 277, 122319. 

[10] Fagerlund, G., “Frost destruction of 
concrete—a study of the validity of 
different mechanisms.” Nord. Concr. Res., 
2018, 58, 35-54. 

[11] Tian, H., Kong, X., Miao, X., Lingfei, F. 
and Pang, X., “A new insight into the 
working mechanism of PCE emphasizing 
the interaction between PCE and Ca2+ in 
fresh cement paste.” Construction and 
Building Materials, 2021, 275, 122133. 

[12] Liang, G., Ni, D., Li, H., Dong, B. and 
Yang, Zh., “Synergistic effect of EVA, 
TEA and CS-Hs-PCE on the hydration 
process and mechanical properties of 
Portland cement paste at early age.” 
Construction and Building Materials, 2021, 
272, 121891. 

[13] Dmitrieva, E. and Potapova, E., “The effect 
of heat-treated polymineral clays on the 
properties of Portland cement paste.” 
Materials Today: Proceedings, 2021, 38 
(4), 1663-1668. 

[14] Hollanders, S., Adriaens, R., Skibsted, J., 
Cizer, O. and Elsen, J., “Pozzolanic 
reactivity of pure calcined clays.” Applied 
Clay Science, 2016, 552 – 560. 

[15] Conte, T. and Plank, J., “Effect of the 
Chemical Activation of Slag on the 
Working Mechanism of Polycarboxylate 
Ether Polymer” 15th International 
Congress on the Chemistry of Cement 
(ICCC), Prague, Czech Republic, 2019, 
Conference proceedings, Contribution ID: 
104. 

[16] Yuan, B., Yu, Q. L. and Brouwers, H. J., 
“Assessing the chemical involvement of 
limestone powder in sodium carbonate 
activated slag.” Materials and Structures, 
2017, 50 (2), 1-14. 

[17] Bernal, S. A. and Provis, J. L., “Durability 
of Alkali-Activated Materials: Progress 
and Perspectives.” J. Am. Ceram. Soc., 
2014, 97 (4), 997–1008. 

[18] Boum, R. B. E., Kaze, C. R., Nemaleu, J. 
G. D., Djaoyang, V. B., Rachel, N. Y., 
Ninla, P. L., Owono, F. M., Kamseu, E., 

https://link.springer.com/%20article/10.1617/s11527-020-01478-9
https://link.springer.com/%20article/10.1617/s11527-020-01478-9
https://www.researchgate.net/publication/350090365
https://www.researchgate.net/publication/350090365


Iranian Journal of Materials Science and Engineering, Vol. 19, Number 4, December 2022 

“Thermal behaviour of metakaolin–bauxite 
blends geopolymer: microstructure and 
mechanical properties.” SN Applied 
Sciences, 2020, 147 (3), 1-17. 

[19] Kaze, C. R., Nana, A., Lecomte-Nana, G. 
L., Deutou, J. G. N., Kamseu E., Melo U. 
C., Andreola F., Leonelli C., “Thermal 
behaviour and microstructural evolution of 
metakaolin and meta‑halloysite‑based 
geopolymer binders: a comparative study.” 
SN Applied Sciences, 2020, 1358 (2), 1-18. 

[20] Deutou, J. G. N., Kaze, R. C., Kamseu, E. 
and Sglavo, V. M., “Controlling the 
Thermal Stability of Kyanite-Based 
Refractory Geopolymers.” Materials, 
2021, 14 (11), 1-23. 

[21] Irassar, E. F., Cordoba, G., Zito, S., 
Rossetti, A., Rahhal, V. F. and Dario, F., 
“Durability performance of blended 
cement with calcined Illitic shale.” Aci 
Materials Journal, 2022, 119 (1), 134-144. 

[22] Marushchak, U., Sanytsky, M., Sydor, N. 
and Margal, I., “Designing of alkaline 
activated cementing matrix of engineered 
cementitious composites.” Theory and 
Building Practice, 2021, 3 (2), 52-57. 

[23] Trümer, A. and Ludwig, H. M., “Sulphate 
and ASR resistance of concrete made with 
calcined clay blended cements.” Calcined 
Clays for Sustainable Concrete, 2015, 10, 
3-9. 

[24] Pillay, D. L., Olalusi, O. B., Kiliswa, M. 
W., Awoyera, P. O., Kolawole, J. T. and 
Babafemi, A. J., “Engineering performance 
of metakaolin based concrete.” Cleaner 
Engineering and Technology, 2022, 6, 
100383. 

[25] GOST 10060: Concretes. Methods for 
determination of frost-resistance, 2012. 

[26] Sivkov, S. P., Sarkisov, P. D., Kuznetsova, 
T. V. and Meshalkin, V. P., “Using the 
Methods of Thermodynamic Analysis to 
Optimize the Composition of High 
Refractory Cements in the CaO–Al2O3–
MgO System.” Theoretical Foundations of 
Chemical Engineering, 2013, 47, (1), 10–
13. 

[27] Babushkin, V. I., Matveev, G.M.  
and Mcheldanov-Petrosyan, O. P., 
“Thermodynamic of the silicate materials.” 
Stroyizdat. Moscow, USSR, 1986, 408. 

[28] Lottenbach, B., Kulik, D. A., Matschei, 

Th., Balonis, M., Baquerizo, L., Dilnesa, 
B., Miron, G. D. and Myers, R. J., “A 
chemical thermodynamic database for 
hydrated Portland cements and alkali-
activated materials.” Cement and Concrete 
Research, 2018, 115, 472-506. 
 

9 


	1. INTRODUCTION
	1.1. The study's Background

	2. EXPERIMENTAL PROCEDURE
	2.1. Materials and Methods

	3. RESULTS AND DISCUSSION
	3.1. Influence of Calcination Modes on Clay Activity
	3.2. Effect of Thermally Activated Clays on Hardened Cement's Strength
	3.3. The Effect of Alkali-Activated Clay on the Frost Resistance of Portland Cement

	4. CONCLUSIONS
	References

