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1. Introduction

Environmental concerns arising from cement production 
due to CO2 emissions and high energy consumption required 
for high-temperature firing can be eliminated by a wider use 
of blended and composite cements [1]. 

One of such cements is the alkali-activated cement [2] 
(further, the AAC) which attracted an interest of scientists 
and industry worldwide [3] and promoted its fast develop-
ment in recent years [4].

The AACs vary in proportions of basic oxides in the 
system N(K)2O–CaO–Al2O3–SiO2–H2O and, according 

to this, can be divided into three types: high, low and me-
dium-calcium alkali-activated cements [5]. This predeter-
mines a phase composition of the hydration products, hence, 
properties of the cements and concretes on their basis [6].

The most widely used are the alkali-activated cements 
with metallurgical slags as an aluminosilicate component – 
the alkali-activated slag cements (further, the AASCs).

Since metallurgical slags vary in chemical composition 
[7], correcting additives are to be added in order to give the 
required (target) properties to a cement stone [8]. These ad-
ditives can affect both properties of the alkali-activated ce-
ment paste and alkali-activated cement concrete due to more 
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favorable conditions for the concrete when the concrete to 
reveal “adaptive” properties (self-healing) during service [9]. 

The novelty of the study – to establish a possibility to 
regulate the structure formation processes and properties of 
the AACs and concretes by the addition of the kaolin addi-
tive instead of the metakaolin one. The expected result is the 
simpler production process and absence of energy required 
for the production of metakaolin.

2. Literature review and problem statement

The most commonly used alkali-activated cements are 
the alkali-activated slag cements. One of the drawbacks of 
these cements is small contents of Al2O3 in their composi-
tion. The solution to this is the introduction of metakaolin 
as an aluminosilicate additive.

Since metakaolin reacts with portlandite to form insol-
uble low-basic calcium aluminosilicate hydrates, it is used 
successfully in traditional cements and concretes. Clay ma-
terials do not interact with hydration products of the cement 
stone and act as passive fillers reducing strength characteris-
tics. For this reason, the use of clay materials is restricted in 
Portland cement systems [10].

The alkali-activated cements, in contrast to portland ce-
ments, can contain the increased quantities of clay materials 
without any negative effect on physico-mechanical proper-
ties of the alkali-activated cement concretes [11].

The metakaolin additive in quantities up to 20 % by mass 
helps to form a structure, which is basically composed of 
alkaline aluminosilicate and Al-substituted calcium silicate 
hydrates (C–A–S–H) in the form of gel [12]. A conclusion 
was made that the metakaolin added to the AASC in quan-
tities up to 20 % by mass did not affect its (cement) strength 
characteristics. However, in case of highly reactive ground 
granulated blast-furnace slags (ggbs) helps to keep setting 
under control [13]. In case of the higher quantities of the 
alkaline activator (>5 % Na2O by mass of the ggbs + me-
takaolin), a gel of the С-А-S-Н type was formed as a main 
cementing phase [14]. The alkali-activated cements and 
concretes produced using the following cement system “ggbs 
+ metakaolin + alkaline activator” are characterized by the 
increased compressive strength compared to the cement sys-
tem without metakaolin (“ggbs + alkaline activator”) [15]. 

However, the increased quantities of metakaolin in the 
alkali-activated cement composition can affect negatively 
macro- and microstructure of the resulted cement stone 
[16]. In this case, the cost of the alkali-activated cement will 
be higher and concrete technology more complicated [17]. 
Moreover, high quantities of reactive metakaolin promote 
the formation of large quantities of gel phases of mixed com-
position like CASH, NASH, CNASH along with the CSH 
phase at the initial stages of hardening [18]. This may result 
in danger associated with the lower deformative properties 
and “deteriorated” pore structure of the formed cement 
stone. Optimal structure of the AASC can be formed when 
main phases of the CSH type are formed at the initial stage, 
and the other phases are formed at the later stages, predom-
inantly in a pore space and in cracks [19]. This mechanism 
provides self-healing of the cement stone macrostructure.

In order to keep these processes under control, the use 
of the less reactive additive, compared to metakaolin, for 
example, of kaolin can be a solution. Various clays can also 
interact with alkali metal compounds to form alkaline alu-

minosilicate hydrates that are analogues to natural zeolites 
[20]. However, these processes flow very slowly. Presence 
of clays in the composition of cements and concretes was 
always undesirable. That is why no any studies on the influ-
ence of quantities of clay additives on alkali-activated slag 
cements were carried out. Taking the above into account, as 
well as the fact that production of metakaolin is a very ener-
gy extensive process and its (metakaolin) cost is very high, 
a necessity occurred to study whether metakaolin could be 
substituted by kaolin.

3. The aim and objectives of the study

The aim of the study is to analyze the influence of the 
metakaolin and kaolin additives on physico-mechanical 
properties, as well as macro- and microstructure of the alka-
li-activated slag cements and concretes based on them. This 
will allow establishing a possibility to substitute expensive 
metakaolin by kaolin. To achieve this aim, it was necessary 
to the following tasks:

– to compare regularities of the influence of the cor-
recting additives of metakaolin and kaolin on the formation 
of technological and physico-mechanical properties of the 
AASC and concretes; 

– to compare regularities of the influence of the metaka-
olin and kaolin additives on the formation of micro- and 
macrostructure of the AASC and concretes;

– based on the results of comparison of the influence of 
the additives to establish a possibility to substitute expensive 
metakaolin by kaolin as a correcting additive to the AASC.

4. Constituent materials and testing techniques

Type I alkali-activated slag cement as per national stan-
dard of Ukraine was used in the study. Na2SiO3·5H2O in a 
liquid form (density =1,160 kg/m3) was used as an alkaline 
component and sodium lignosulphonate (further, LST) 
with рН=8.5 was used as a plasticizer. Ground granulated 
blast-furnace slag (ggbs) (modulus of basicity =1.1, content 
of glass phase =84 %, fineness measured as a specific surface 
by Blaine =4,500 cm2/g) was used as an aluminosilicate 
component. Chemical composition of the slag is shown in 
Table 1. Kaolin and metakaolin of the Ukrainian origin, the 
chemical composition of which is given in Table 1, were used 
as mineral additives. 

River sand (fineness modulus =1.2) was used as fine 
aggregate in the alkali-activated slag cement mortars. 
Crushed granite (fractions 5/10 mm and 10/20 mm) was 
used as coarse aggregate in the alkali-activated slag cement 
concretes.

Table 1

Chemical composition of constituent materials

Cement com-
ponents

Oxides (% by mass)

SiO2 Al2O3 Fe2O3 MnO MgO CaO R2O TiO2

Slag (ggbs) 37.90 6.85 0.31 0.11 5.21 44.60 1.13 0.35

Kaolin 58.50 39.50 0.50 – – 0.80 – 0.70

Metakaolin 57.33 36.80 0.58 – – 0.21 0.79

Preparation of the alkali-activated slag cement pastes was 
done in accordance with the European Standard EN 196-3.
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Compressive strength of the alkali-activated slag ce-
ments was determined as per EN 196-1 with an account 
of the requirements of the national standard of Ukraine  
DSTU B V.2.7-181:2009, namely: the ratio between an al-
kaline solution and slag (ggbs) (A/S) in the alkali-activated 
slag cement mortars was determined after the flow value of 
the mortar of 106–115 mm was achieved. Strength of the 
alkali-activated slag cement concretes was determined as 
specified in DSTU B V.2.7-25:2011. The class of the concrete 
in compressive strength was determined on cube specimens 
(100 mm) at an age of 28 days after hardening in normal 
conditions (t=20±2 °C, R.H.=95±5 %).

Density, water absorption and porosity of the alkali-acti-
vated slag cement concretes were studied in accordance with 
the procedure as specified in DSTU B V.2.7-170:2008. Ac-
cording to this procedure, the concrete cubes (100 mm) after 
28 days were dried up to a constant weight at t=105±10 °C. 
Then, the specimens were saturated with water until a con-
stant weight would be obtained at t=20±2 °C. The values of 
porosity were calculated from the values of average density 
and water absorption of the concrete specimens. 

Freeze/thaw resistance was studied in accordance with 
the third (accelerated) test method prescribed by the na-
tional standard of Ukraine DSTU B V.2.7-47-96. According 
to this method, concrete cubes (100 mm) were saturated in a  
5 % solution of NaCl at t=18±2 °C and then were subjected to 
freezing at t=–50 °C. Thawing was performed in a 5 % solu-
tion of NaCl. A class of the alkali-activated slag cement con-
crete in freeze/thaw resistance was designated as a number 
of alternate freezing and thawing cycles, after which a mean 
compressive strength has decreased by no more than 5 %.

The phase composition of the hydration products of 
alkaline aluminosilicate hydrates was studied by X-ray 
diffraction (XRD), differential thermal analysis (DTA) and 
scanning electron microscope (SEM) (Ukraine). 

The X-ray diffraction analysis was carried out at the 
diffractometer DRON 4-07 (USSR) with a copper tube at a 
voltage of 30 kV, current 10...20 mA and the range of angles 
2θ=10...60°. Identification of the hydration products was 
carried out using the database PDF-2 Data Base (Sets 1–50 
plus 70–88) with the software module JCPDFWIN 2.1 
(JCPDS-ICDD 2000). Comprehensive differential thermal 
analysis was carried out at the derivatograph (Paulik-Pau-
lik-Erdey, MOM (Hungary)). The data of [21, 22] were used 
for identification.

5. The influence of the additives on setting time of the 
cements

The influence of the kaolin (a) and metakaolin (b) addi-
tives (Fig. 1) showed that the kaolin additive in quantities of 
2.5 %, 5.0 % and 10.0 % affected setting times and normal 
consistency of the AASC paste (further, NCP). So, the ini-
tial setting time was shorter (from 45 min to 40 min) and the 
value of NCP increased from 23.0 % to 24.0 %. Contents of 
the plasticizer (LST) were higher (from 0.75 % (without the 
kaolin additive) to 1.20 % (with the kaolin additive – 10 %), 
thus allowing to maintain the initial setting time between 
40 and 45 min.

The same effect on initial setting time and value of paste 
of normal consistency NCP was observed in case of the me-
takaolin additive added in quantities of 2.5 %, 5 % and 10 %. 
A conclusion was made that the values of NCP tended to 

even greater increase: from 24.0 to 27.5 % (against 23.5 % 
in the composition without the metakaolin additive). In this 
case, the initial setting time was between 43 min and 47 min, 
LST=1.0…1.2 % by cement mass.

 
 
 
 
 
 
 
 
 
 
 
 
 
а 

b 

Fig. 1. Initial setting time of the alkali-activated slag cement 
and value of NCP vs. quantity and type of the additive:  

a – kaolin; b – metakaolin

6. The influence of the additives on compressive strength 
of the cements and concretes

Analysis of the data given in Fig.2 a showed that with 
an increase in quantities of the kaolin in the alkali-activated 
slag cement composition, the A/S increased from 0.32 to 
0.36, the flowability being unchanged. Regardless of quanti-
ties of the kaolin (varying from 0 to 10 %), the early strength 
(2 days) of the AASCs did not change (36–40 MPa). Stan-
dard (28 days) strength of 57.0 MPa was achieved with 5 % 
of the kaolin additive. A further increase in quantities of the 
additives up to 10 % deteriorated strength characteristics 
(from 57.0 MPa down to 49.0 MPa).

Similar dependences and regularities of the influence 
of quantities of the additive were observed in case of sub-
stitution of the metakaolin by the kaolin (Fig. 2, b). The 
only difference was the compressive strength of the speci-
mens in case of the metakaolin additive at the early stages 
of hardening which was somewhat higher compared to the 
compressive strength of the specimens containing the kaolin 
additive. In both cases, the optimal quantities of the additive 
were 2.5–5.0 % by mass. The decrease of the compressive 
strength with an increase in the additive content up to  
10 %, especially at the age of 28 days, coincide well with the 
known data on a role played by the gel phases on structure 
formation and properties of the resulted cement stone [23].
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The addition of the kaolin and metakaolin additives to 
the alkali-activated slag cement composition was found to 
accelerate the structure formation consisting mainly of the 
alkaline aluminosilicate and Al-substituted calcium silicate 
hydrates in the form of a gel [17, 18]. The addition of the 
kaolin and metakaolin additives had no significant effect on 
strength characteristics, but in case of highly reactive slag 
(ggbs) helped to control the initial setting [19].

In contrast to the kaolin additive, the metakaolin ad-
ditive interacted more actively with the alkaline activator 
solution [20]. The addition of it in quantities of 2.5– 
10.0 % resulted in high early strength: early strength of 
42.5 MPa and standard age (28 days) strength of 62.5 MPa 
could be achieved by the alkali-activated slag cement with 
5 % of the metakaolin additive. The decrease and increase 
in quantities of the metakaolin additive from the optimal 
content of 5 % down to 2.5 % and up to 10 % reduced a 
class of cement in compressive strength (from М600Р to 
М500Р).

а 

b 

Fig. 2. Compressive strength of the alkali-activated slag 
cements vs. quantity and type of the additive:  

a – kaolin; b – metakaolin

Analysis of the above data led to the conclusion that the 
addition of the metakaolin and kaolin additives in optimal 
quantities (5 % by cement mass) allowed obtaining the ce-
ments of standard consistency and with improved strength 
characteristics. 

The obtained results were tried in the production of con-
cretes from these cements.

Mix design of the alkali-activated slag cement concrete 
was: slag (ggbs) – 425 kg/m3; sand – 650 kg/m3; crushed gran-
ite (5/10) – 350 kg/m3; crushed granite (10/20) – 800 kg/m3. 
Consistency of the fresh alkali-activated slag cement concrete 
corresponded to S4 class in consistency (160–200 mm).

The obtained data showed that the addition of the kaolin 
or metakaolin additives to substitute the slag (ggbs) leads 
to a directly proportional increase in the A/S without any 
significant loss in strength characteristics.

Since some of the alkali are bound by the metakaolin and 
kaolin, the standard (28 days) strength of the alkali-activated 
slag cement concretes was somewhat lower (by 8 to 10 %) 
compared to that of the concretes made from the cements 
without the additives. After 6 to 9 months, this difference has 
disappeared and the higher strength has been reached due to 
the deepening of the hydration processes, synthesis of low-basic 
calcium silicate hydrates, synthesis of analogues to zeolite and 
feldspathoid minerals and absence of destructive processes.

7. The influence of the additives on macrostructure of  
the concrete

Characteristics of pore structure of the alkali-activated 
slag cements and concretes depending on quantity (0 %;  
2.5 %; 5.0 %) and type of the additive (kaolin and metaka-
olin) are shown in Table 3 and Fig. 3.

Table 3

Characteristics of porosity and strength of  
the alkali-activated slag cement stone

No. 
Ka-
olin, 

%

Me-
taka-

olin, %

Water 
absorp-
tion, %

Characteristics of porosity, % Com-
pressive 
strength, 

MPa,  
28 days

Total 
volume 
of pores

Volume 
of open 
pores

Volume 
of closed 

pores

1 – – 8.0 22.7 15.4 7.3 86.0
2 2.5 – 7.8 24.9 14.9 9.0 90.2
3 5.0 – 7.6 21.8 14.9 6.9 85.4
4 10.0 – 7.0 22.8 13.6 9.2 72.1
5 – 2.5 9.1 27.7 16.5 11.2 81.0
6 – 5.0 10.8 26.5 19.9 6.6 86.5
7 – 10.0 12.2 30.5 21.3 9.2 62.5

 
 

Table 2

Cement composition (concrete mix design) and characteristics of the alkali-activated slag cements and concretes

No.

Cement composition, % by mass* Aggregates, kg/m3

A/S**
Slump, 

mm
Class in 

consistency

Compressive strength, MPa

Slag 
(ggbs)

Kaolin
Metaka-

olin
LST Sand

Crushed granite, fr. 
3 days 7 days 28 days

5/10 10/20 

1 100.0 – – 0.75 650 350 800 0.35 170 S-4 41.7 49.3 56.8

2 97.5 2.5 – 1.00 650 350 800 0.36 170 S-4 33.4 39.4 50.5

3 95.0 5.0 – 1.00 650 350 800 0.37 165 S-4 34.2 43.1 53.2

4 97.5 – 2.5 1.00 650 350 800 0.37 180 S-4 35.8 41.5 51.5

5 95.0 – 5.0 1.20 650 350 800 0.39 175 S-4 37.3 43.9 55.0
Note: * – Na2SiO3∙5H2O in a liquid form (density =1160 kg/m3) was used as an alkaline component (taken in quantity over 100 % of the 
cement mass), ** – A/S – an alkaline activator solution to slag ratio
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The results of the study showed the increase in volumes 
of ‘’conditionally’’ closed pores, which was directly propor-
tional to the quantities of the additives. 

When analyzing the obtained data, a conclusion was 
made that the addition of the kaolin additive in quantity of 
5 % allowed increasing the volume of “conditionally” closed 
pores (by 17.7 %) compared to the concrete made from the 
AASC without the kaolin additive, while maintaining the 
same volume of open pores.

In case of the metakaolin additive (5 % by mass), the 
alkali-activated slag cement concrete was characterized by 

a slight increase in volume of the closed pores  
(4.4 %) due to the increased (by 22.2 %) quanti-
ties of open pores compared to the concrete mix 
design made from the AASC without the metaka-
olin additive.

Testing of freeze/thaw resistance of the con-
cretes made from the alkali-activated slag cement 
with the kaolin additive instead of the metakaolin 
additive showed the higher freeze/thaw resistance 
(F500 against F400) due to the formation of the 
larger quantities of closed pores.

8. The influence of the additives on the 
formation of microstructure of  

the cement stone

The AASC compositions 1, 3 and 6 (Table 3)  
have been chosen to study the effect of the me-
takaolin and kaolin additives on structure forma-
tion processes.

Examination with the help of XRD (Fig. 4), 
DTA (Fig. 5) and SEM (Fig.6) showed that a 
phase composition of the cement under study 
without additives (Fig. 4, curve 1) was represent-
ed, predominantly, by CaCO3 and calcium alumi-

nosilicate hydrates of various basicity such as tobermorite 
C5S6H5, CSH(I), CSH(II) and okenite (Ca3C2S6O15H6). 
This conclusion was supported by the endothermic effects 
(peaks) (Fig. 5, DTA curve 1) at temperatures 160, 760, 
and 850 oС, as well as by an exothermic peak at t=830 oС,  
testifying to decomposition and crystallization. Moreover, 
the formation of sodium aluminosilicate hydrates of the 
nepheline-hydrate (Na2O·Al2O3·2SiO2·2H2O) type, as 
well as calcium aluminosilicate hydrates of gismondite  
(Ca4[Al8Si8O32]·16H2O) type could be observed. 

а 
 
 
 
 
 
 
 
 
 
 
 b 

Fig. 3. Porosity of the alkali-activated slag cement concretes vs. 
quantities and type of the additive: a – kaolin; b – metakaolin

 
 

 Fig. 4. X-ray phase diffraction patterns of the cement stone, compositions 1, 3, 6 (Table 3) 
after 28 days of hardening in normal conditions: C – CaCO3; К – kaolinite; Сi – C-S-H(I);  

Cii – C-S-H(II); Ca – CAH10; S – SiO2; Gs – gismondite; Ga – garronite; T – tobermorite;  
Gr – gyrolite; N – nepheline-hydrate; O – okenite; Kp – clinoptilolite
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Fig. 5. DTA curves of the cement stone, compositions 1, 3, 6 
(Table 3) 

a 

b 

c 

Fig. 6. Electron microphotos of cleavage surface of  
the cement stone: а – composition 1; b – composition 3;  

c – composition 6 (Table 3)

Electron microscopy examination (Fig. 6, composi- 
tion 1 a, b) showed inhomogeneity of the resulted cement 
stone microstructure. Poorly hydrated particles of the 
ggbs are frequently met. The products of crystallization of 
calcium aluminosilicate hydrates that are being formed are 
clearly seen in pores and in the intergranular space.

In case of the metakaolin additive (Fig. 6, composi- 
tion 6 а, b), mixed sodium- calcium silicate hydrates of 
the garronite (NaCa2.5[Al3Si5O16]2∙13.5H2O), as well as 
of the gyrolite Na2Ca[Si4O10]∙4H2O) types are formed in 
addition to the above-mentioned phases. The endother-
mic and exothermic effects are shifted to the field of the 
increased temperatures (Fig. 5, DTA curve 6), being an 
evidence of the increase in degree of crystallization of the 
phases that are being formed. The SEM pictures showed 
needle-like crystals of calcium silicate hydrates, plates 
of carbonate formations, as well as sphere-like crystals 
characteristic of the alkaline aluminosilicate hydrates 
(Fig. 6, b). The resulted cement stone microstructure is 
homogeneous.

The substitution of the metakaolin by the kaolin was 
found to result in deceleration of the phase formation pro-
cesses (Fig. 6, b). At the same time, quantities of the gel 
phases tended to increase, according to the DTA (Fig. 6, b) 
and SEM (Fig. 6, b) data.

The obtained data support conclusions on similar influ-
ence of the metakaolin and kaolin additives on the formation 
of strength properties of the alkali-activated slag cement 
stone and its macrostructure.

9. Conclusions

1. The addition of the kaolin instead of the metakaolin 
was found to act as follows: 2.5–10 % by mass reduced the 
value of NCP by 9.5–8.7 %, respectively; 2.5–5 % by mass 
did not affect setting times, but with increase up to 10 % by 
mass the setting times were shorter ( from 48 to 40 minutes); 
2.5–5 % by mass did not affect compressive strength at all 
stages of hardening, but with increase up to 10 % by mass re-
duced strength characteristics of the cement-sand specimens 
(from 57.0 MPa to 49.0 MPa).

2. The processes of microstructure formation of the ce-
ment stone with the kaolin and metakaolin additives were 
found to flow with the formation of similar phases, however, 
these processes were found taking place with higher intensi-
ty in case of the metakaolin additive. In case of the kaolin, an 
optimal macrostructure of the concrete was formed, provid-
ing the higher freeze-thaw resistance. So, in case of the 5 % 
kaolin by mass, the quantities of conditionally closed pores 
has increased by 17.7 % as compared to the concretes con-
taining the same quantities of the metakaolin. This resulted 
in the higher freeze-thaw resistance of the concrete (from 
F400 up to F500).

3. Based on the comparison of properties and structure 
of the cement and concrete with the kaolin and metakaolin 
additives, a possibility to substitute the metakaolin by the 
kaolin as a correcting additive was established. 
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