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Abstract: This work presents the types of waste of Armenian volcanic aluminosilicate tuff rocks
extraction, as a component of the raw material of non-cement, artificial stone materials, the technical
possibilities of their use, and the results of experiments for meeting the indicators of physical and
mechanical characteristics of natural stone. Preliminary orientational experimental studies have
specified the proportions of the raw materials in the compositions, the connections between the
preparation of mixtures, the compaction of samples, and the shortest possible heat treatment regimes
at temperatures up to 200 °C. Non-cement artificial stones were developed using tuff waste, with
filler-composite binder ratios of 75/25 and 70/30, and a water/solid mass ratio of 0.10-t0-0.12%. After
9 h of heat treatment, the density, water absorption, and compressive strength of non-cement artificial
stone materials were determined. The results showed that these materials outperformed natural
stone materials from the same deposits, in terms of the same physical and mechanical characteristics.
The use of tuff waste resulted in increased densities, from 10.5 to 39%, decreased water absorption by
2 to 2.5 times, and increased compressive strength of non-cement artificial stone materials, from 15 to
30% compared to natural tuff stones. X-ray diffraction and SEM image studies were also carried out
for the obtained non-cement artificial stones. The novelty in the developed technology of obtaining
stone materials primarily revolves around the mixture preparation technology by using tuff waste
materials and low-temperature heat treatment.

Keywords: tuff waste; sodium silicate; composite binder; heat treatment; compressive strength;
non-cement stone materials

1. Introduction

It is well known that the production of building materials and natural stones (at
quarries) does not produce toxic emissions compared to the chemical and metallurgical
industries. However, the extraction of raw materials necessary for structures and buildings
generates such a vast amount of waste that it significantly harms the environment: this
causes economic and environmental problems such as the disruption of underground water
supply, the degradation of land usable for agricultural purposes, air pollution with dust
particles, and the rapid consumption of natural stone volumes in mines. The waste can
serve as raw materials for new building materials, lowering environmental pollution and
production costs compared to natural resources.

Hence, the primary objective of modern materials science is to innovate new construc-
tion materials. Enhancing the chemical stability, mechanical properties, and durability
of these materials involves optimizing their composition. Notably, these factors do not
significantly affect the overall cost of the materials [1-5].
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Along with population growth, industrial and civil construction volumes are increas-
ing on Earth. The predominant building material in modern construction is concrete, in
which traditional Portland cement is used as the main binder. The production of Portland
cement is well known as a highly material- and energy-intensive process, resulting in sig-
nificant CO, emissions that contribute to environmental pollution and various associated
problems [6-8]. Therefore, the search for ways to effectively use mineral industrial waste in
the production of building materials and the search for ways to produce new construction
materials with improved properties is an urgent problem today, the answer to which will
provide a wide variety of construction materials, expand the raw material base for their
production, improve and develop technologies, and reduce costs. Volcanic slag and pumice,
perlite rocks, volcanic tuffs, and tuff lavas of the minings of Armenia, as well as mineral and
metallurgical industry wastes, can be used as raw materials for the production of building
materials, such as non-cement stones [9-12].

Rocks containing volcanic glass, endowed with excess energy that has not been re-
alized during the formation of structural bonds, exhibit high hydraulic properties. Such
rocks are widely distributed in the territory of RA, thanks to which they can serve as an
effective raw material for solving complex construction challenges by reducing energy
consumption, particularly for non-cement stone production [13-15]. Since ancient times,
the main building blocks in Armenia have been the multi-type and multi-colored volcanic
tuffs spread across different regions of the country. Since antiquity, mainly as a masonry
stone, tuffs have been widely used in various spiritual, residential, bridge-building, and
defense (and many other) structures, due to which the country is distinguished by its
unique architectural signature [16-20].

In this work, we carried out investigations of tuff waste compositions” mixture prepa-
ration, compaction, heat treatment, and other solutions for the technology advancement in
non-cement stone materials.

2. Materials and Methods
2.1. Raw Materials

The tuffs of Armenia belong to sintered stone materials. According to petrographic
and physical-mechanical parameters, the tuffs of Armenia are divided into five types: Ani,
Artik, Yerevanian, Byurakan, and Felsite.

In this research, as a raw material, the wastes of Artik, Ani, and Byurakan types of
tuff stone extraction were included, from the Artik, Ani, and Agarak mines, respectively.
It should be noted that the specific types of tuffs included in this research are just test
samples of preliminary studies. Armenia has a variety of tuffs, which can provide a realistic
possibility of obtaining artificial stones.

The mentioned ones have a low density, high strength, low thermal conductivity and
radioactivity, higher durability, and a variety of colors [21-23]. The averaged data on the
chemical compositions of the mentioned raw materials are given in Table 1, which were
determined in the Laboratory of Construction Chemistry of the National University of
Architecture and Construction of Armenia, according to the standard [24].

Table 1. Average data on the chemical composition of the raw materials.

Chemical Composition (wt.%)

Name of
Rocks SiO; TiO, Al, O3 Fe, O3 MgO CaO K>0 + Na,O SO3 L.i.
Artik tuff 60.59 1.79 15.53 6.01 1.62 2.95 9.68 - 1.83
Ani tuff 70.21 0.28 16.06 2.16 0.68 2.00 5.98 0.46 217
Agarak tuff 64.11 2.06 15.03 6.31 2.13 4.21 243 1.75 1.97

The main physical and mechanical properties of waste fillers were determined accord-
ing to the standards [25-27] and are presented in Tables 2 and 3.
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Table 2. Average values of physical and mechanical characteristics of raw aluminosilicate rocks.

Real Average Porosi Water Radioactivit Compressive
Name of Rocks Density, Density, o by, Absorption Ba/m3 ¥ Strength,
g/cm3 g/em3 ? by Mass, % 9 MPa
Artik tuff 2.49 1.39 47.3 27.4 42+4 18.2
Ani tuff 2.37 1.57 44.2 21.8 45+ 4 19.8
Agarak tuff 2.54 1.76 34.5 16.7 43+ 4 24.8

Table 3. Grain size composition of fillers obtained from tuff wastes.

Name of Sieve Residues, % Size Specific Surface Area
Rocks 2.5 1.25 0.63 0.315 0.16 Modulus, Mx (d <0.16), cm®/g
Artik tuff 15.65 34.16 54.97 77.28 96.16 2.8 2500
Ani tuff 17.34 32.16 53.46 75.52 95.68 2.7 2300
Agarak tuff 18.23 38.11 58.81 79.22 95.58 2.9 2100

The results of the sieve analysis of tuff wastes from mines, their particle size composi-
tion, and the degree of fineness for dust particles (d < 16) were determined according to the
European standard [28], and are presented in Table 3.

Sodium silicate blocks (NayO-mSiO;), which are a semi-finished product of liquid
glass, were used as a binding component in the compositions of artificial stone materials,
which provided sufficient physico-mechanical properties of the final product and a color
equivalent to the color of natural stones [29-32]. The sodium silicate blocks with ann =2.5
silica modulus were used in this research. The average chemical composition, specific
surface area, and degree of fineness are presented in Table 4.

Table 4. Average chemical composition and specific surface area of sodium silicate.

Material Chemical Composition (wt.%) Specific Surface Area
Type SiO, Na,O ALO; Fe,0; CaO Loss on. Ign. (d < 0.16), cm?/g
xSodium 69.17 28.09 1.54 0.43 0.65 0.12 2800
silicate

2.2. Mixing and Sample Preparation

The mixtures were prepared in the following order: the composite binder was added
to sand of a pre-selected grain size (Figure 1), obtained from tuff waste (Table 3). The
composite binder was obtained by co-grinding tuff powder and sodium silicate in a ball
mill for 10 min (ball milling machine A091-02 Matest, Treviolo, Italy). Co-grinding of
the components made it possible to obtain powdered masses with a specific surface area
between 3000 cm? /g and 3500 cm? /g, which has binding properties in aqueous mixtures.

(b) (©

Figure 1. Characteristic images of used tuff sands: (a) Artik, (b) Ani, and (c) Agarak mines.
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The tuff sand and the composite binder were mixed for 2 min using a laboratory
mortar mixer. After that, water was added and mixed for no less than six minutes. The
total duration of mixing was 8 min.

Molding and densification of the resulting mixtures were performed by pressing with
a hydraulic compression machine under the influence of a force that was up to 25 MPa at a
speed of 0.3 MPa/s, resulting in test samples with smooth, dense, and shiny surfaces.

The prepared cube-shaped test samples with dimensions of 50 mm x 50 mm x 50 mm
were immediately demolded and transferred to a muffle furnace (Muffle furnace 1100 °C
high capacity, A023 Matest, Treviolo, Italy), where they were subjected to heat treatment.
The heat treatment was performed at a maximum temperature of 200 °C.

The quantity of water required for homogenization, hydration, and structural forma-
tion of the prepared mixtures was assessed by considering the indicators of each type of
tuff filler, such as water absorption and surface water retention capacity, grain composition,
and specific surface area. The water/solid mass ratio in the developed compositions is
within 0.10-0.12 [33]. Figure 1 shows the sieving sands from the tuff wastes used in the
developed compositions.

For each type of tuff filler, two percentage ratios of the filler/composite binder quantity
by mass were developed: 75/25 (Table 5 Ne 1, 3, and 5 components) and 70/30 (Table 5 Ne 2,
4, and 6 components).

Table 5. Compositions of cementitious artificial stone materials with fillers obtained from tuff waste
and composite binder.

Material Consumption of 1 m3 Mixture, kg

Filler/ Composite Water/
Ne Binder % Ratio The Grain Size of the Filler, mm Composite Solid
by Mass 2.5 1.25 0.63 0.315 0.16 Binder Water Ratio
Artik tuff
75/25 250 250 350 360 215 475 215 0.113
2 70/30 250 250 300 300 220 565 210 0.111
Anituff
75/25 250 270 300 320 210 450 210 0.117
4 70/30 250 250 300 300 150 535 205 0.115
Agarak tuff

5 75/25 250 275 350 355 225 485 205 0.106
70/30 250 250 300 340 200 575 195 0.102

The test samples prepared with the developed components were subjected to heat
treatment for 9 h (Figure 2).

o . i . L L . i
o 1 2 3 4 5 6 7 8 9 10
Hour

Figure 2. Heat treatment mode of artificial stone materials.
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According to Figure 2, heat treatment was performed in the following order: temper-
ature rise from 20 to (90 £ 5) °C for 2 h, keeping at a specified temperature for 2 h and
30 min, followed by a temperature rise to 200 °C for 2 h, keeping at a specified temperature
for 2 h and 30 min, and gradual cooling to a room temperature.

Figure 3 shows the characteristic features of the artificial stone materials processed on
the basis of natural stones and their waste from Artik, Ani, and Agarak deposits.

natural artificial
(a) Artik tuff

natural artificial
(b) Ani tuff

natural artificial
(c) Agarak tuff

Figure 3. Natural tuff stones of (a) Artik, (b) Ani, and (c) Agarak deposits and images of cementitious
artificial stones made with compounds processed with industrial waste and the composite binder.

2.3. Methods
2.3.1. Physical Characterizations

The density of non-cement artificial stone was determined according to the EN
1936:2006 [26] standard after 9 h of heat treatment and curing at room temperature.

After 48*1 h of water saturation, the water absorption of non-cement artificial stone
was determined according to the AST 100-94 [34] standard.
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To determine the density and water absorption, for the laboratory tests we used Italian
“Matest” manufacturer equipments, such as measuring calipers with 0.01 mm accuracy and
V073-01 balance with 0.1 g accuracy.

2.3.2. Mechanical Characterization

The 50 mm x 50 mm x 50 mm dimensions cube samples compressive strength test was
defined by AST 100-94 and EN 1926:2006 [34,35] standards using a hydraulic compression
testing machine with a measuring range of 2000 kN (the Italian Matest (Treviolo, Italy)
C089, 2000 kN automatic Servo-Plus Progress Concrete compression machine was used to
determine the compressive strength of samples with an accuracy of 0.001 kN). After placing
the specimen on the machine’s lower baseplate in a coaxial position, it was subjected to a
compressive load (P) until failure by smoothly lifting the lower support. For natural stone
materials, the standard speed is 0.3-0.5 MPa/s.

2.3.3. X-ray Diffraction

X-ray diffraction analysis (XRD) was carried out on a URD-63 diffractometer, produced
in Germany by the “Carl Zeiss” company. X-ray wavelength is A = 1.542 A; d = 0.77/sin 0
(reflection order: n = 1). The copper anode with an intense emission Cu, K, Ni filter was
used as an internal standard. It provided information about the crystallographic structure
and chemical composition.

2.3.4. Scanning Electron Microscopy (SEM)

SEM (VEGA TS 5130 MM “TESCAN” scanning electron microscope, an SE detec-
tor, produced in the Czech Republic) was used to investigate the microstructure on non-
perturbed fractured specimens attained after the compressive strength tests. Throughout
all SEM measurements, a high accelerating voltage of 14.0 kV was used.

3. Results and Discussion
3.1. Density

For the artificial stone materials that have undergone the intended heat treatment
regime, the densities were determined according to the formula (EN 1936:2006) [26]

m

where p—is the density of the sample, kg/m?,
m—is the mass of the sample, kg,

V—is the volume of the sample, m3.

The obtained results were compared with the density indicators of natural stones
taken from the same deposits.

The density indicators of the test samples made with tuffs from the Artik mine waste
were p = 1914 kg/ m?3 with the 75/25 filler/ composite binder composition (Ne1), p = 1935
kg/m? with the 70/30 filler/composite binder composition (N¢2), and the density of natural
stone material from the same deposit (Artik) is: p = 1390 kg/m?.

With tuff waste from the Ani mine, with 75/25 aggregate /composite binder compo-
sition (Ne3), p = 1827 kg/m?, with 70/30 aggregate/composite binder composition (Ne4),
p = 1846 kg/m?3, and with the natural stone material (Ani), p = 1570 kg/m?3.

And with the 75/25 filler/ composite binder composition (Ne5) made with tuff waste
of the Agarak mine, p = 1952 kg/m?, with the 70/30 filler/composite binder composition
(Ne6), p = 1973 kg/ m3, and with the natural stone material of the same mine (Agarak),
p = 1765 kg/m>.

In Figure 4, a comparison of the density indicators of natural stone from the Artik,
Ani, and Agarak mines (with a dashed line) and artificial stone materials made from waste
from the same mines (without a dashed line) is presented.
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Figure 4. Natural stones of Artik, Ani, and Agarak mines and the density indicators of artificial stone
materials made from waste.

By examining the data, it is clear that, with tuffs extracted from all three deposits, the
densities of the test samples made by using the pressing method are higher than those of
the natural stones taken from the same deposits.

3.2. Water Absorption

For the produced artificial and natural stone materials, water absorption indicators
(AST 100-94) [34] were determined and compared with each other. They were dried at
105 °C until a constant mass and weighed under air conditions (mj). The test samples were
then hydrated by inserting a container filled with water at a temperature of (20 & 2) °C
and weighed (m,) after 48*! h. Water adsorption is determined by the equation

w = "2""1 100%, @)
my
where W—is the water absorption of the sample, %,

mj—is the mass of the dried sample weighed with an accuracy of 0.01 g,

mp—is the mass of the water-saturated sample, g.

The water absorption of artificial stone materials made with composition Ne1 devel-
oped with tuff stones from the Artik mine was 11.3%, that of stone materials made with
composition Ne2 was 10.1%, and the water absorption of natural stones from the same mine
was 27.4%.

With the tuffs of the Ani mine, the water absorption of the artificial stone materials
made with composition Ne3 was 8.5%, Ne4 was 8.1%, and the natural stone of the same
mine was 21.8%. The water absorption of artificial stone materials processed with waste
from the Agarak mine with composition Ne5 was 7.5%, with N6 it was 7.3%, and the water
absorption of natural stone from the Agarak mine was 16.8%.

Figure 5 presents a water absorption indicator comparison of natural stone from the
Artik, Ani, and Agarak mines and artificial stone materials made of waste from the same
mines.
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Figure 5. Natural stones of Artik, Ani, and Agarak deposits and their water absorption indicators for
waste-based artificial stone materials.

Analyzing the obtained results, it becomes clear that the water absorption indicators of
artificial stone materials made with tuff stones brought from all three mines have decreased
more than twice compared with the water absorption indicators of natural stones from the
same mines, and as a result they have become more water resistant.

3.3. Compressive Strength

The compressive strengths of the artificial stone materials made with Artik tuff compo-
sitions Nel and Ne2 were 23.4 MPa and 25.5 MPa, respectively, and 18.2 MPa of the natural
stone from the same mine (Figure 6). With tuff deposits from the Ani mine, the following
values were obtained: the artificial stone materials made with composition N3 and Ne4 had
compressive strengths of 25.6 MPa and 28.7 MPa, respectively, and the natural stone of
the Ani mine had a compressive strength of 19.8 MPa. In addition, with compositions Ne5
and Ne6 made with Agarak tuffs, the compressive strengths were 30.0 MPa and 31.3 MPa,
respectively, and 24.8 MPa for natural stone from the same mine. Figure 7 compares the
compressive strength indicators of natural stone from the Artik, Ani, and Agarak mines
with those of artificial stone materials made of waste from the same mines.

Analyzing the obtained results, the compressive strength indicators of artificial stone
materials increased from 15% up to 30% compared with those of natural stones.

Because the strength indicators of artificial stone materials made with 75/25 and
70/30 filler /composite binder percentages are not significantly different from each other
with the waste taken from the three mines, preference was given to economically more
profitable compositions, and 25% was chosen as the optimal composite binder (sodium
silicate lumps and tuff powder) and 75% tulff filler for the compositions.

Regardless of the type of tuff waste used, the sodium silicate component in the
processed N1-6 compositions does not exceed the limit of 8%, which ensures the necessary
compressive strength of the non-cement artificial stone materials.

After studying the literature, it was found that incorporating up to 9% silicate lump
and drying the material resulted in increased strength.
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Figure 6. Diagram of the test procedure for non-cement artificial stone materials.
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Figure 7. Natural stones of Artik, Ani, and Agarak deposits and compressive strength indicators of
artificial stone materials made from waste.

Otherwise, the adhesive contacts exceed the optimal amount and the monolithic
concrete is transformed into a unified volumetric system. The intergranular porous area of
the material will be almost filled with the adhesive, which negatively affects the strength
indicators.

Too much content of silicate lump is also undesirable because of the formation of a
large amount of alkalis, which leads to a significant deterioration in water resistance and
other vital operational properties of artificial stone materials [19,20,36-38].

3.4. X-ray Diffraction

An XRD study was carried out for non-cement artificial stone materials prepared with
the optimal composition of 70/30 filler/composite binder, and is illustrated in Figure 8
(Agarak, Ani, and Artik). After the compressive strength test, the required number of
samples for X-ray examination were taken and dried at 105 °C until constant mass. Then,
they were crushed in ceramic tare until able to pass through a 63 um sieve mash with
square holes.
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Figure 8. X-ray analysis results of non-cement artificial stone materials of Artik, Ani, and Agarak tuff
wastes. (Q—quartz, Al—Albite, M—Muscovite).

The peak under 20.8°26 corresponds to quartz (S5iO,), which is commonly found in
tuff and can also be present in sodium silicate. A peak under 26.65°26 is associated with
sodium feldspar (albite) NaAlSi3Og, which is formed in the presence of sodium silicate
and improves the mechanical strength of the products. Peaks under 32.1°26 correspond to
muscovite, which is often present in tuff. The presence of sodium in the sodium silicate
could influence the formation of specific clay minerals [39-41].

3.5. SEM Analysis

Scanning electron microscopy (SEM) is the best way to study the morphology of
the resulting materials on a scale increased several times. SEM images taken at 3000 x
magnification of non-cement artificial stone samples treated with composite binder and
tuff sands are shown in Figure 9a—c.

SEM of samples prepared from Artik (a) and Ani (b) tuff waste and a composite binder
(tuff powder + sodium silicate) shows that the resulting structure contains flat lamellar
surfaces. In the case of Artik tuff waste, these lamellar surfaces are quite small, and there
are also agglomerates of fine powders. In the case of Ani tuff waste, there are both small
and large lamellar surfaces. In the structure of samples made of Agarak tuff waste, small
spherical surfaces can be seen. The composite binder was able to fill the voids of the
resulting matrix, which to some extent improved the mechanical properties of the resulting
artificial stone materials [42,43].

In this work, the possibilities of using tuff wastes that have accumulated in stone
mining deposits for many years in the composition of non-cement artificial stone materials
as the main raw material have been studied. For this purpose, first of all, the physical
and mechanical properties of tuff waste were investigated in accordance with the existing
interstate standards, six compositions of non-cement artificial stone materials were devel-
oped with two compositions of each type of tuff waste with a percentage ratio of 75/25
and 70/30 filler/composite binder. The 50 mm x 50 mm x 50 mm test cube samples have
been made with the developed compositions, which have been compacted by pressing,
demolded, and undergone heat treatment. The density, water absorption, and compressive
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strength data have been determined for the obtained artificial stone materials and compared
with the density, water absorption, and compressive strength data of natural tuff stones
from the same deposits. The obtained results are presented in Table 6.

Y

SEMMAG: 3. o kx DET: SE Detector SEM MAG: 3.00 kx DET: SE Detector [ S TV W S
HY. 140KV DATE: 03411724 20pm Vega@Tescan HV: 140KV DATE: 03111724 20pm Vega ©Tescan

VAC: HiVac Device: TS5130MM IPR, Armenia VAC: HiVac Device: TS5130MM IPR, Armenia

SEM MAG: 3.00 kx DET: SE Detector
HV: 140KV DATE: 03111724 20 pym Vega OTescan
VAC: HiVac Device: TS5130MM IPR, Armenia

(©)

Figure 9. SEM image of non-cement artificial stones with tuff wastes of Artik (a), Ani (b), and Agarak (c).

Analyzing the data presented in Table 6, the following conclusions can be drawn:

v" Densities of non-cemented artificial stone materials made with tuff wastes of Artik
mine increased from 37% up to 39% compared to the density of natural stones, in the
case of Ani tuff wastes from 16% up to 18%, and in the case of Agarak tuff wastes
from 10.5% up to 12%. In other words, non-cement artificial stone materials with a
denser structure were obtained.

v The water absorption data of non-cement artificial stone materials made with tuff
waste from Artik, Ani, and Agarak mines have decreased by 2 to 2.5 times, which
means that compared to natural stone materials, artificial stones a lower amount of
water due to the resulting dense structure and therefore they can be used as facing
materials.

v" The compressive strength data of non-cemented artificial stone materials, compared
to the compressive strength data of natural stones, increased from 22% up to 27% in
the case of tuff deposits of Artik, from 25% up to 30% in the case of Ani, and from 15%
up to 20% in the case of Agarak deposits.
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Table 6. Comparative data of the physical and mechanical properties of natural stones and non-
cement artificial stone materials on their basis.

Filler/
Composite Average Water Compression
Name of Rocks Binder % Density, Absorption Strength,
Ratio kg/m? by Mass, % MPa
by Mass

natural - 1390 274 18.2

Artik tuff 75/25 1914 11.3 234
artificial

70/30 1935 10.1 25.5

natural - 1570 21.8 19.8

Ani tuff 75/25 1827 8.5 25.6
artificial

70/30 1846 8.1 28.7

natural - 1765 16.8 24.8

Agarak tuff 75/25 1952 7.5 30.0
artificial

70/30 1973 7.3 31.3

In the result of experimental research work and theoretical analysis it becomes clear
that non-cement artificial stone materials with higher physical and mechanical properties,
comparing natural stones with the same properties, can be obtained. Non-cement artificial
stone materials are based on the tuff waste accumulated in mines as filler and sodium
silicate as binder in a ratio of 75/25 and 70/30. Based on the compressive strength data,
70/30 filler /composite binder compositions have been selected as optimal for the tuff waste
of the three mines.

Non-cement artificial stone materials obtained with the developed components can be
used in industrial and civil construction for various architectural designs of structures, as
well as internal facing slabs, wall blocks, etc.

4. Conclusions

The possibility of using tuff waste to produce non-cement artificial stone material has
been investigated. The influencing factors of physical and mechanical properties to reveal
the possibilities of using tuff waste from a microscopic point of view were investigated
with X-ray diffraction and SEM methods. After mixtures compaction by pressing and heat
treatment for 9 h, the densities of non-cement artificial stones increased from 10.5% to
39% compared to the densities of the natural stones. Non-cement artificial stones with a
denser structure have been formed, where the water absorption is 2 to 2.5 times less, and
the compressive strengths are higher, from 15% to 30% compared to the same properties of
natural tuffs.

In the future works, it is planed to study the frost resistance, thermal conductivity, and
permeability of non-cement artificial stones.
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