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ABSTRACT: Introduction. Active mineral additives that allow controlling the structure formation processes and properties of 
cement systems are important components of modern modified concretes. Among the numerous types of modifiers for cement 
composites, the most effective ones include siliceous and aluminosilicate additives containing a significant amount of nanoscale 
particles, in particular, nanoparticles of silicon dioxides, clays, aluminum oxides and iron oxides. At the same time, common 
sedimentary rocks, such as diatomites, trepels, opokas, polymineral clays, etc., along with industrial wastes (silica fumes, fly ashes, 
metallurgical slags) can be promising raw materials for obtaining such modifiers. The purpose of this study was to establish the 
influence regularities of mineral additives based on sedimentary rocks of various composition and genesis on the technological 
and physico-mechanical properties of cement systems with the identification of the most effective modifiers. Methods and ma-
terials. Siliceous rocks (diatomite and opoka), calcined polymineral clays and carbonate rocks (dolomite and chalk) from several 
deposits of the Republic of Mordovia were used as mineral additives. The study of the chemical and mineralogical composition of 
sedimentary rocks was carried out using X-ray spectral fluorescence spectrometry and X-ray powder diffraction methods. In addi-
tion to the chemical and mineralogical composition, at the initial stage of the study, the specific surface area of mineral additives 
and Portland cement was determined on the PSX-12 dispersion analysis device using the Kozeny-Carman method. Prescription and 
technological efficiency of the applied mineral modifiers was evaluated by their effect on water demand, water-holding capacity, 
flowability of cement paste and mixed cement binder activity. The physical and mechanical characteristics of cement systems were 
determined using standardized and well-known authorial methods. Results and discussion. There were established correlation 
dependences between indicators of water demand, water-holding capacity, flowability of cement systems and specific surface 
of mineral additives used. In addition, relationship between the activity index of the studied modifiers and the content of silicon 
dioxide in their composition was revealed. Conclusions. According to the totality of the conducted studies, diatomite, opoka and 
calcined polymineral clay were identified as the most promising types of mineral additives. The increased effectiveness of these 
modifiers in cement systems is due to the peculiarities of their chemical and mineralogical composition, in particular, the presence 
of active silica-containing components (reactive minerals with an amorphized structure) such as opal-cristobalite-tridymite phase 
in diatomite and opoka as well as products of partial thermal destruction (dehydroxylation) of minerals of kaolinite and illite groups 
in the calcined polymineral clay.
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INTRODUCTION

Currently, one of the priority areas of building mate-
rials science is the development of theoretical and 

technological foundations for the design and synthesis 
of high performance cement system structures at vari-

ous scale levels such as macro, meso, micro levels, up to 
understanding the importance of the nanoscale level of 
the material structure organization. Structural modifica-
tion of the cement matrix through the use of micro or 
nanoparticles and fibers provides a largely high level of 
properties of such composites [1, 2, 3, 4].
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Among the numerous types of cement system nano-
modifiers, the most effective ones include:
●	 silicon dioxide (SiO2) nanoparticles with a high specif-

ic surface area (at least 180 m2/g), contributing to the 
achievement of radically new physical and mechani-
cal characteristics of cement stone (strength, creep, 
shrinkage, etc.) due to reduced structure porosity and 
improved stacking of the structure components, and 
also thanks to directional changing in the solid phase 
quality, that it consist in replacing Portlandite crystals 
and high basic calcium hydrosilicates of C-S-H(II) 
type with low basic C-S-H(I) phases responsible for 
the strength and durability of cement composites 
[5, 6];

●	 nanoparticles of clays (aluminosilicates), aluminum 
oxides (Al2O3) and iron oxides (Fe2O3) that improve 
elasticity modulus and strength characteristics of ce-
ment stone, reduce shrinkage composite deformations 
and their structure permeability for chlorides, and also 
make it possible to monitor and record their own com-
pressive stresses of cement systems through change 
assessment in the volumetric electrical resistance of 
solutions with these nanoparticles [7, 8].
In addition to using nanomodifiers, the development 

of physico-chemical and technological methods for con-
trolling the structure parametrs of cement composites 
at the microscale level remains an important issue. The 
increased efficiency of using highly dispersive siliceous 
and aluminosilicate additives of natural and technogenic 
origin, such as silica fumes, metakaolins, fly ashes, met-
allurgical slags, etc., in the cement system compositions 
was established based on the numerous research results by 
Russian and foreign authors [9, 10, 11, 12, 13] , including 
their own [14, 15]. These mineral additives can have a no-
ticeable amount of nanoscale particles, although basically 
their granulometric composition is in the micrometric 
range (10–5–10–7 m).

At the same time, it is worth noting that the territo-
rial limitation, composition variability and often the high 
cost of the above additives are the main constraining 
factors of their use. In this regard, expanding the raw 
material base for obtaining effective mineral additives 
based on available natural raw materials is an important 
task. One of the most promising in this respect for many 
regions of the Russian Federation are common raw ma-
terials such as siliceous opal-cristobalite rocks [16, 17, 
18], polymineral clays [19, 20, 21] and carbonate rocks 
[22, 23, 24].

The purpose of this study was to establish the influ-
ence regularities of mineral additives (MA) based on 
sedimentary rocks of different composition and genesis 
(siliceous, clay and carbonate rocks) on the techno-
logical and physico-mechanical properties of cement 
systems with the identification of the most effective 
modifiers.

To achieve this objective, the following tasks were 
solved:
●	 the chemical and mineralogical composition was stud-

ied for the initial sedimentary rocks;
●	 the effects of mineral additives based on sedimentary 

rocks of different composition on the water demand, 
water-holding capacity and flowability of the cement 
paste were researched;

●	 the influence of mineral modifiers on the mixed ce-
ment binder activity was studied;

●	 the most effective sedimentary rocks have been estab-
lished which make it possible to directionally control 
the technological and physical-mechanical properties 
of cement systems.

METHODS AND MATERIALS

Materials

The main component of binder in the cement system 
recipes was Portland cement 500-D0-N (PC) produced 
by Mordovcement PJSC.

Several groups of sedimentary rocks, previously 
crushed to different specific surface area, were used as 
mineral additives:

1) siliceous opal-cristobalite rocks such as diatomite 
from the Atemarsky deposit of the Republic of Mordo-
via (DTMT1, DTMT2 and DTMT3); opoka from the 
Alekseevsky deposit of the Republic of Mordovia (OPK1 
and OPK2);

2) clay rocks such as calcined polymineral clays from 
the Nikitsky (CCN) and Staroshaigovsky (CCS) deposits 
of the Republic of Mordovia;

Table 1
The types of mineral additives used in the cement system 
compositions and the values of their specific surface area

Composition 
number

Type of mineral 
additives

Specific surface 
area of MA, m2/g

1 – –
2 DTMT1 2.40
3 DTMT2 2.45
4 DTMT3 2.85
5 OPK1 0.70
6 OPK2 0.80
7 CCN 0.78
8 CCS 0.52
9 DY 0.45
10 CA 1.30

Note: the specific surface area of Portland cement used in the 
experimental study was 0.32 m2/g.
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3) carbonate rocks such as dolomite from the Yel-
nikovsky deposit (DY) and chalk of the Atemarsky deposit 
(CA) of the Republic of Mordovia.

The types of mineral additives used in the cement 
system compositions, together with the values of their 
specific surface area, are shown in Table 1.

Methods

The specific surface area of the used mineral additives 
and Portland cement was determined on the dispersion 
analysis PSKh-12 device by the Kozeny-Carman method 
based on the air permeability and porosity establishment 
of the powder compacted layer. The gas permeability of 
the powder layer was measured according to the filtering 
duration of given air volume through the device at fixed 
vacuum in its working volume.

The research of the chemical composition of sedimen-
tary rocks was carried out by X-ray fluorescence (XRF) 
spectrometry, based on the collection and subsequent 
analysis of the spectrum that occurs when the material 
under study is irradiated with X-ray radiation. The test 
equipment used was sequential X-ray fluorescence wave 
spectrometer ARL Perform'X 4200 (Rh Kα radiation), 
designed for qualitative and quantitative analysis of the el-
emental composition of materials in the range of analyzed 
elements from F to U. Based on the results of determining 
the elemental composition of samples, the established 
concentrations of individual chemical elements were re-
calculated to their oxides.

The phase composition analysis of sedimentary rocks 
was done using X-ray powder diffraction (XRD phase 
analysis). X-ray structural measurements were conducted 
using an Empyrean automated diffractometer by PANa-
lytical (Netherlands) with a vertical goniometer in the 
radiation of a copper anode with a nickel filter ensuring 
suppression of the background and spectral line Kβ to-
gether with the monochromator on the secondary beam. 
Shooting was done in the geometry according to Bragg-
Brentano (θ–2θ scanning) using a spectral doublet Cu 
Kα1,2 with weighted average wavelength λ = 1.5406 Å. 
X-ray powder diffraction patterns were obtained using 
PIXcel3D two-coordinate semiconductor detector operat-
ing in the linear detector mode. 

In addition to the main crystalline phases, the crys-
tallinity degree was determined for samples of siliceous 
opal-cristobalite rocks whose diffraction patterns contain 
an amorphous halo (diatomite, opoka). The crystallinity 
degree of these samples (αc) was calculated as the ratio 
of the integral scattering intensity of crystallites to the 
total intensity of the total scattering from amorphous and 
crystalline regions:

αc = (Ic /(Ic + Ia))●100%,� (1)

where Ic is the integrated intensity (total area) of all 
crystalline peaks; Ia is the integral intensity of amorphous 
halo.

The intensities of crystalline peaks and amorphous 
halo on the diffraction patterns were calculated as areas 
under the corresponding curves.

Prescription and technological efficiency of the used 
mineral additives was evaluated by their influence on the 
following cement system indicators: water demand, water-
holding capacity and flowability of cement paste as well as 
the activity of mixed cement binder. The research subjects 
were cement systems with total dosage of mineral addi-
tives equal to 10% by weight of the binder (PC+MA). 
The composition without mineral additives was adopted 
as a control composition.

The water demand of cement systems was estimated 
in the mixed binder system (90% of Portland cement and 
10% of mineral additive) by water/solid (water/binder) 
ratio (W/(PC+MA)) of cement paste corresponding to 
its normal density which was determined on the Vicat 
apparatus in accordance with the method of the Russian 
State Standard GOST 310.3.

The water-holding capacity of cement systems was 
determined by the water separation values of cement paste 
consisting of a mixed binder (90% PC+10% MA) and wa-
ter (water-binder ratio W/(PC+MA) = 1), when settling 
the particles of the solid phase in a graduated cylinder in 
accordance with the Russian State Standard GOST 310.6. 
The volume of settled cement paste and water accumu-
lated on its surface was recorded every 30 minutes after 
the first counting for 2 hours. The ratio of the volume of 
water accumulated on the surface of the paste to the ini-
tial volume of the suspension, expressed as a percentage 
(water separation coefficient by volume) was taken as the 
water separation value.

The influence regularities of mineral additives on the 
cement paste flowability were established in compositions 
with a constant water content (water-binder ratio) using 
the Hagermann cone (form-cone from the shaking table 
according to the Russian State Standard GOST 310.4).

The selection of mineral additives was carried out 
according to the results of the study of their effect on 
the activity of cement binder with the definition of the 
activity index of the modifier. The activity index of ap-
plied mineral additives was determined under the Rus-
sian State Standard GOST R 56178-2014 method by 
comparing the results of compression strength tests after 
steaming cement-sand samples-beams of 40×40×160 
mm, made using of modified binders consisting of 90% 
Portland cement and 10% mineral additive (by weight 
of the binder (PC+MA)), and control samples of un-
modified composition with a ratio of cement binder and 
standard monofractional sand equal to 1/3. The water-
binder ratio was taken the same for all compositions, 
it equated to the value established for the most water-
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demanding composition when the flow spread diameter 
of fine-grained concrete mixture from the Hagermann 
cone was reached of 106–108 mm. The procedure for 
manufacturing and testing of samples-beams adopted 
following the requirements of the Russian State Stan-
dard GOST 310.4, the mode of heat and humidity treat-
ment is selected following the Russian State Standard 
GOST R 56178-2014 equal to (3 + 3 + 6 + 2) hours at 
isothermal holding temperature of 80оC. 

Based on the results of determining the compressive 
strength of steamed samples (the activity of cement bind-
ers), the activity index of applied mineral additives (CMA) 
was calculated using the formula

CMA = R2 /R1,� (2)

where R1 and R2 are compressive strength of samples of 
unmodified (control) and modified (main) compositions, 
respectively, MPa.

RESULTS AND DISCUSSION 

Chemical and mineralogical composition 
of the initial sedimentary rocks

The chemical (oxide) composition of the studied sili-
ceous rocks (Atemarsky diatomite and Alekseevsky opoka) 
as well as clays of the Nikitsky and Staroshaigovsky de-
posits is shown in Table 2.

Data analysis of data obtained by X-ray fluorescence 
spectrometry showed the predominance of silicon, alu-
minum, and iron oxides in the chemical composition of 
the studied siliceous and clay rocks (wt. %): 53.19–87.23 
(SiO2); 5.15–15.78 (Al2O3); 3.41–17.28 (Fe2O3) (Table 2).

The diffraction patterns of the studied sedimentary 
rock powders are shown in the Figure 1.

The results of qualitative and quantitative XRD phase 
analysis to determine the main crystalline phases and their 
relative concentrations for clays of the Nikitsky and Staro-
shaigovsky deposits are given in Table 3. It has been found 
that the phase compositions of the studied clay rocks are 

represented (Fig. 1) predominantly by minerals of the 
kaolinite group (d = […; 7.16–7.19; ...; 4.04–4.05; …; 
3.57–3.58; …; 2.34–2.35 Å; …], 2θ = […; 12.3; ...; 22.0; 
…; 24.9; …; 38.4о; …]) and illite group (hydromicas) (d = 
[…; 10.02; ...; 4.48–4.49; …; 3.79–3.80; …; 3.49–3.50; 
…; 3.35–3.36; …; 3.22–3.23; …; 3.00; …; 2.57; …; 1.50 Å; 
…], 2θ = […; 8.8; ...; 19.8; …; 23.5 …; 25.4 …; 26.6; …; 
27.7; …; 29.8; …; 34.9; …; 61.6о; …]) as well as by quartz 
modifications (d = […; 4.27; ...; 3.35–3.36; …; 1.82 Å; 
…], 2θ = […; 20.8; ...; 26.6; …; 50.1о; …]), feldspars (d = 
[…; 4.04–4.05; ...; 3.79–3.80; ...; 3.26; …; 3.20–3.23; 
...; 2.94; ...; 2.46; ...; 2.29; ...; 2.24; ...; 2.13; ...; 1.98; ...; 
1.67; ...; 1.54; …; 1.38 Å; …], 2θ = […; 22.0; ...; 23.4; ...; 
27.4; …; 27.7–27.9; ...; 30.4; ...; 36.5; ...; 39.4; ...; 40.2; ...; 
42.4; ...; 45.7; ...; 54.8; ...; 59.9; …; 67.7о; …]), and gyp-
sum (d = […; 7.63; ...; 4.27; ...; 3.80; ...; 3.07; ...; 2.87; …; 
2.69 Å; …], 2θ = […; 11.6; ...; 20.8; …; 23.4; …; 29.0; …; 
31.1; …; 33.3о; …]) at their relative content in the overall 
mass of crystalline phases (wt. %): 18.0–39.8; 23.1–23.2; 
19.8–46.9; 11.9–14.2 and 0–3.1, respectively, i.e. the rep-
resented clays are polymineral.

The mineralogical compositions of siliceous rocks (dia
tomite and opoka) are represented (Fig. 1) predominantly 
by crystalline quartz (d = […; 4.27–4.30; ...; 3.35–3.37; …; 
1.82 Å; …], 2θ = […; 20.6–20.8; ...; 26.4–26.6; …; 49.9–
50.1о; …]) and partially crystallized opal-cristobalite- tridy-
mite phase (OCT phase) (2θ = 18–25о) which is a mixture 
of crystalline and cryptocrystalline varieties of silica such as 
cristobalite, tridymite and X-ray amorphous opal. The vari-
ability of real structure and characteristic features of indi-
vidual natural siliceous phases such as the type of complex 
diffraction profile, the broadening degree of main peak, 
the resolution and relative intensities of its components, 
and the migration of interplanar distance value are clearly 
manifested in the diffraction patterns.

The crystallinity degree of the studied mineral additive 
samples increases in the direction from diatomite to opoka 
(from 21.9 to 36.5%) which was established from analysis 
of the diffraction patterns of siliceous rock powders. The 
high degree of material structure amorphization, the pres-
ence of active silica forms and the structural diversity of 

Table 2 
Chemical composition of the studied siliceous and clay rocks based on the XRF analysis results (converted to oxides)

Sedimentary rock
Oxides [wt. %]

SiO2 Al2O3 Fe2O3 K2O Na2O CaO MgO TiO2 P2O5 ZrO2 MnО SO3 WO3 NiO BaO other

Atemarsky 
diatomite 87.23 5.15 3.41 1.21 – 1.75 0.73 0.32 0.06 – – 0.03 – – – 0.11

Alekseevsky opoka 73.46 13.26 4.32 1.90 6.01 0.67 0.06 – – 0.09 – – – 0.23

Nikitsky clay 53.19 15.78 17.28 6.17 0.34 1.60 1.26 1.52 0.25 – – 1.20 0.52 0.28 – 0.61

Staroshaigovsky 
clay 66.12 13.72 10.90 4.32 0.55 1.68 1.12 0.64 0.26 0.18 0.13 – – – 0.07 0.31
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siliceous substance cause improved physical and chemical 
characteristics of diatomite and opoka, in particular their 
increased pozzolanic activity in cement systems.

The mineralogical composition of the Yelnikovsky 
dolomite is represented by phases of the dolomite 
CaMg(CO3)2 (d = […; 2.90; ...; 2.41; ...; 2.20; ...; 2.02; 

...; 1.82; …; 1.80 Å; …], 2θ = […; 30.8; ...; 37.2; …; 41.0; 
…; 44.8; …; 50.2; …; 50.8о; …]) and calcite CaCO3 (d = 
[…; 3.87; …; 3.04; ...; 2.50; ...; 2.29; ...; 2.10; ...; 1.91; …; 
1.88 Å; …], 2θ = […; 23.0; …; 29.3; ...; 35.9; …; 39.4; …; 
43.1; …; 47.4; …; 48.5о; …]) with the relative phase con-
tents of 52 wt. % and 48 wt. % for dolomite and calcite, 

Fig. 1. Diffraction patterns of the studied sedimentary rock powders: Atemarsky diatomite (1); Alekseevsky opoka (2); 
Nikitsky clay (3); Staroshaigovsky clay (4); Yelnikovsky dolomite (5); Atemarsky chalk (6)

Table 3
Crystalline phase concentrations in the mineralogical compositions of the studied clays (before calcination)

Deposit
Crystalline phases [wt. %]

Kaolinite Illite group 
(hydromicas)

Quartz 
modifications Feldspars Gypsum

Nikitsky 39.8 23.1 19.8 14.2 3.1
Staroshaigovsky 18.0 23.2 46.9 11.9 –

Table 4
Phase compositions of carbonate rocks

Carbonate rock
Crystalline phases [wt. %]

Calcite Dolomite Quartz modifications
Yelnikovsky dolomite 48 52 –
Atemarsky chalk 96 – 4
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Fig. 2. Correlation dependences between the water demand according to normal density (a), water separation (b), 
flowability (c) of cement systems and the specific surface area of mineral additives

a

b

c

respectively. The phase composition of the Atermarsky 
chalk is represented predominantly by calcite CaCO3 (d = 
[…; 3.87; …; 3.04; ...; 2.50; ...; 2.29; ...; 2.10; ...; 1.92; …; 
1.88 Å; …], 2θ = […; 23.0; …; 29.3; ...; 35.9; …; 39.3; …; 

43.1; …; 47.4; …; 48.4о; …]) with inclusions of quartz SiO2 
(d = […; 4.31; ...; 3.36; …; 1.82 Å; …], 2θ = […; 20.6; ...; 
26.5; …; 50.1о; …]) with the relative phase contents of 
96 wt. % and 4 wt. %, respectively (Table 4).
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Influence of sedimentary rocks of different composition 
and genesis on the technological and physico-mechanical 
properties of cement systems

Correlation dependences between the indicators of 
water demand (W1) (Fig. 2a), water-holding capacity (W2) 
(Fig. 2b), flowability (D) (Fig. 2c) of cement systems and 
the specific surface area of the applied mineral additives 
(Sss) were established by the study results. In addition, de-
pendence between the activity index of the studied modi-
fiers (CMA) and the silicon dioxide content (ωSiO2

) in their 
composition was identified (Fig. 3). It should be noted 
that when establishing the last correlation dependence, 
only two compositions with siliceous rocks (No. 3 and 6, 
respectively) were included in the final selection.

From the analysis of obtained data (Fig. 2a), it was 
found that there is close enough correlation dependence 
(R2 = 0.934) between the water demand of cement bind-
ers according to normal density and the specific surface 
area of studied types of mineral additives introduced in 
an amount of 10% by the binder weight. Increase in the 
specific surface area of mineral additives leads to increase 
in the water demand of cement systems. At the same time, 
it was found that binders with the milled diatomite addi-
tives (compositions No. 2, 3 and 4) have the highest water 
demand indicator which is 1.5 times higher than the same 
indicator for Portland cement.

The binder water separation values (the water separa-
tion coefficient of cement paste by volume), on the con-
trary, decrease with increase in the specific surface area 
of mineral modifiers (Fig. 2b). The linear dependence 
between the specified indicator of cement systems and the 
specific surface area of MA studied types is characterized 

by sufficiently high coefficient of determination (R2) equal 
to 0.752. Analyzing the results of experimental studies, it 
was found that Portland cement, carbonate rocks (DY and 
CA) and calcined clay rocks (CCS and CCN) have the 
lowest water-holding capacity from the investigated com-
ponents of cement systems, as evidenced by the increased 
values of the water separation coefficient by cement paste 
volume in the compositions Nos. 1, 7, 8, 9, and 10 (25.3, 
21.7, 22.8, 24.8, and 21.7%, respectively (Fig. 2b)). The 
lowest water separation is observed in binders modified 
with MA based on diatomite (5.2–7.1%, compositions 
Nos. 2, 3, and 4) and opoka (13.4 and 13.1%, composi-
tions Nos. 5 and 6, respectively).

The cement system flowability, measured by flow 
spread diameter from Hagermann cone in the composi-
tions with constant water content, also decreases with 
increasing specific surface areas of MA (Fig. 2c), while 
the coefficient of determination (R2) is equal to 0.648. The 
study showed that the mineral additives used have thick-
ening capacity which increases in sequence DY → CA and 
CCS → CCN → OPK1 → OPK2 → DTMT1, DTMT2, and 
DTMT3. The flow spread diameter of modified cement 
systems from the Hagermann cone is 100–123 mm, which 
is up to 19% lower than that the composition without MA 
(124 mm).

The activity index of mineral additives is to some ex-
tent dependent on the silicon dioxide content in their 
compositions, which was established from the study re-
sults shown in Figure 3. Increase in the SiO2 concentra-
tion in the sedimentary rock composition contributes 
to increase in the modifier activity, as evidenced by the 
corresponding correlation dependence with R2 equal to 
0.461. It was found that the siliceous opal-cristobalite 

Fig. 3. Correlation dependence between the activity index of mineral additives and the silicon dioxide content in their 
compositions
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rocks (diatomite and opoka) are the most effective in 
cement systems, in particular, the activity indices of 
DTMT2 (composition No. 3) and OPK2 (composition 
No. 6) reach 1.13 and 1.05 rel. units, respectively. Mineral 
additives based on the calcined Nikitsky clay also have 
the chemical activity in cement systems, in particular, 
the CCN activity index in composition No. 7 was 1.05 
rel. units.

CONCLUSIONS

The following results were obtained from experimental 
studies:

1) the chemical and mineralogical composition fea-
tures were established for the initial siliceous rocks (diato-

mite and opoka), polymineral clays and carbonate rocks 
(dolomite and chalk);

2) the effects of mineral additives based on sedimen-
tary rocks of different composition on the water demand, 
water-holding capacity and flowability of the cement paste 
were revealed;

3) the influence of mineral modifiers on the mixed 
cement binder activity was established;

4) the most effective sedimentary rocks have been 
identified which make it possible to directionally control 
the technological and physical-mechanical properties of 
cement systems.

Atemarsky diatomite, Alekseevsky opoka and calcined 
Nikitsky clay were selected as the most promising types 
of mineral additives for further studies.
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