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Abstract: This article discusses the current problem of industrial waste disposal and its
use in the production of building materials, which corresponds to the global concept of
sustainable development. Attention is mainly paid to the development of a gruntosilicate
composite (concrete) based on a mineral slag binder using drilling sludge from the mining
industry, ashes from thermal power plants and electrothermophosphoric slag. Physico-
chemical studies of man-made raw materials have been carried out, including analysis of
chemical and mineralogical composition, granulometric characteristics, radiation safety
and other parameters. It has been established that drilling mud, thermal power plant ash
and electrothermophosphoric slag meet the requirements for use in building materials and
belong to non-hazardous waste. The optimal ratios of the components in the composition
of gruntosilicate concrete have been experimentally determined. The highest compressive
strength (3.0-3.5 MPa) is achieved with a drilling mud content of 15-23% and a mineral
slag binder of 10-20%. It is shown that the introduction of these wastes improves the
structure of the material, reduces shrinkage deformations and ensures compliance with
the requirements of road surfaces of the II-III classes. The use of industrial waste in
construction will reduce the cost of raw materials by approximately 10-30%, reduce the
environmental burden and solve the problem of waste disposal. The results of the study
demonstrate the prospects of creating a waste-processing industry capable of processing
up to 40% of industrial waste into building materials.

Keywords: industrial waste; drilling mud; electrothermophosphorus slag; ground silicate
composite (concrete); utilization; environment engineering; environment protection

1. Introduction

Saving energy and natural material resources are two interrelated tasks that underlie
the concept of “Sustainable Development” of humanity [1-5]. It was first put forward
at the UN conference in Rio de Janeiro in 1992 in the presence of 178 heads of state, and
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became decisive in the development strategy of civilized countries [3-7]. It involves both
preserving the environment by reducing the harmful effects of humanity on water, air, soil,
flora and fauna, and maximizing the conservation of irreplaceable natural resources [8-12].

In March 2006, the World Council for Sustainable Development in Building (WBCSD),
led by the world’s largest manufacturers and suppliers of building materials, United Tech-
nologies Corp. and Lafarge Group, proposed that the largest developed and developing
countries (USA, EU, China, India and Brazil), by 2050, minimize energy consumption
and eliminate emissions of harmful substances during the construction process, while
maintaining economic feasibility and competitiveness.

The return of waste to the general production material circulation as secondary raw
materials is an inevitable and progressive trend for all countries in the world [12-17],
and, therefore, in the third millennium all regions “should and will be able” to use the
potential of secondary resources [18-25]; there is a real possibility that “recycling” will
reach 55% [24-31].

The problem of waste generation has two interconnected parts: environmental and
resources [30-35].

The problem of environmental safety in the Republic of Kazakhstan remains acute and
is directly related to the growing accumulation of industrial, household and agricultural
waste and the problem of handling and processing it. The complexity of the latter lies in the
intersectoral nature of waste and objective contradictions in the sphere of its processing as
secondary material resources (SMRs). The complexities are as follows: waste producers are
not interested in processing waste into other, non-core products if there is no possibility of
recycling (return to the original technological process), because we need new technologies,
new personnel, material and financial resources; and manufacturers of other (in particular
construction) products are not interested in replacing standard (standard) raw materials
with waste-secondary raw materials that are unstable in composition, since this is associated
with the complication of an already-proven technology caused by the additional preparation
of secondary raw materials.

The creation of such an industry in the Republic of Kazakhstan will ensure the return
of waste in the form of secondary raw materials into the general production material
circulation, which corresponds to the inevitable and progressive global trend of general
“recycling”.

Construction is the most material-intensive sector of the national economy, which
consumes up to 50% of the volume of natural raw materials, the extraction of which causes
inevitable damage to the natural environment. The shortage and cost of non-metallic
construction raw materials are increasing every year (for example, according to Rosstat,
prices for crushed stone from dense rocks have increased by 100% over the past 5 years).
At the same time, construction, especially civil construction within urban areas, associated
with the demolition of old and unsafe buildings and structures, is accompanied by the
production of large amounts of construction waste: scrap brickwork, wooden products,
broken glass, concrete and reinforced concrete structures, facing materials, metal, etc. The
construction industry enterprises themselves also produce waste in the form of defective
materials and products, and technological waste. Therefore, the problem of handling
construction waste and its disposal has its own specifics, associated with their large volume
and practical safety (sanitary and toxicological), which leads to unauthorized landfills
within the city limits.

The Republic of Kazakhstan is an industrially developed region with a powerful
construction complex, which also experiences a shortage of affordable and high-quality
raw materials for the construction industry, in the products of which the share of material
and fuel costs traditionally exceeds 50%. In terms of the variety and volume of products
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produced and the consumed raw materials, the construction materials industry surpasses
all others and is therefore a unique industry capable of recycling the bulk of waste from
almost all other industries of the Republic of Kazakhstan: oil production and oil refining,
organic and inorganic chemistry, mechanical engineering, light and even food industries,
and also waste from the construction and agro-industrial complex itself.

To create a waste processing industry, or “Ecocomplex”, we need new enterprises with
new technologies for processing industrial waste from the Republic of Kazakhstan into
building materials and their functional components: binders and fillers, chemical additives,
fillers, hardening accelerators and many others.

In 2020 in Kazakhstan, the volume of waste generated amounted to 914,135.3 thousand
tons, including industrial waste at 909,491.6 thousand tons (99.4%) and solid waste at
9.947 thousand tons (0.6%). In total, 182,807.8 thousand tons (19.9%) were processed and
reused, and 726,683.8 thousand tons (79.9%) were placed in controlled landfills. Trans-
boundary transportation of waste in 2020 amounted to 9.947 thousand tons. The volume of
accumulated industrial waste as of 01/01/2022 amounted to 23,609,272.937 thousand tons.

The end result of the activities of NPEK “Ekostroymat” should be a number of new
building materials and products produced at the enterprises of the complex from waste
from the Republic of Kazakhstan using new and improved traditional technologies, as well
as new functional components of known building materials.

One of the most promising areas for recycling industrial waste is its use in the produc-
tion of building materials, which will reach up to 40% to satisfy the needs for raw materials
in this most important industry.

The use of industrial waste will reduce the cost of producing building materials by
10-30% compared to their production from natural raw materials, with capital investment
savings in this case of 35-50%.

The use of man-made industrial waste would cover up to 50% of the country’s needs
for raw materials [36—41], reduce the costs for the production of building materials by
10-30% [40-47] and reduce man-made loads on the environment [48-53].

The aim of this scientific work is to study the production of a ground silicate composite
based on a mineral slag binder with the disposal of industrial waste.

2. Materials and Methods

During the research work on the project, we took samples of drill cuttings from the
uranium mining industry to obtain soil silicate concrete based on mineral slag binder and
drill cuttings. The studies used gray drill cuttings from the mining industry of Semizbay
LLP, ash from a thermal power plant (Stepnogorsk), electrothermophosphorus slag from
Kazphosphate LLP (Taraz) and local raw materials (wood chips, crushed stone and sand).

Sampling was carried out manually. Six point samples were taken along the perimeter
of the sludge ponds, ash ponds and dumps, which were then combined into a common
sample. Pool samples consisting of an appropriate number of point samples (each 3 kg)
were numbered according to the accounting system and delivered to the laboratory for
sample preparation, where further processing was carried out.

The remaining part of the pooled sample (after selecting a portion to determine the
moisture content) was prepared for physicochemical analysis. The sample was averaged
and reduced to obtain a mass of at least 0.2 kg. The sample was reduced manually using
the reduction and squaring method [54].

After reduction, at least 0.2 kg of the sample was crushed into the final sample for
physicochemical analysis, in particular, the sample was crushed in a porcelain mortar and
sifted through a 008 mm sieve [54]. From this large number of samples, several samples
were prepared for physicochemical studies.
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Ash from a thermal power plant is a product of fuel combustion, which is carried
away by flue gases from the boiler furnace and collected by ash collectors. The Stepnogorsk
CHPP consumes about 950 thousand tons of Ekibastuz coal in 1 year, which generates
421 thousand tons of ash and slag waste (ASW). ASW at the enterprise is formed as a result
of coal combustion. Stepnogorsk CHPP LLP (StCHPP) uses the technology of a reverse
hydraulic ash and slag removal system as BAT. Ash is transported by hydraulic transport
through an ash pipeline and placed in an ash dump.

Depending on the quality of the phosphate rock, when receiving 1 ton of finished
yellow phosphorus products, 10-12 tons of electrothermophosphorus slag are formed
under the conditions of the Novodzhambul phosphorus plant (Taraz, Kazakhstan). The
main part of the electrothermophosphorus slag consists of silicon oxides (40-41%) and
calcium (47-49%), and also contains small amounts of aluminum and iron oxides. The
content of these oxides gives electrothermophosphorus slag valuable qualities as a raw
material for the production of binding materials.

Liquid glass and sodium disilicate were used as alkaline components. Local raw
materials (wood chips, quartz sand and crushed stone) were used as coarse and fine
aggregates in soil silicate concrete.

Determination of the moisture of technogenic raw materials was carried out as follows:
a sample weighing 1 g was placed in a weighing bottle previously dried to a constant
weight, placed in a drying cabinet heated to a temperature of (105 &+ 5 °C), dried for
1.5-2 h and then cooled in a desiccator and weighed on an analytical balance that ensures a
random measurement error of no more than +0.01% of the mass of the weighed sample;
after drying, the sample was weighed, and the moisture content of the drill cuttings sample
was determined based on the difference in mass, which in our case was 2.54%.

Particle size distribution, content of dust and clay particles, true density, bulk density,
humidity, water absorption, frost resistance, strength and other characteristics were deter-
mined using standard methods in accordance with the requirements [55,56]. Technogenic
raw materials were subjected to chemical composition determination and X-ray phase
analysis using a general-purpose diffract meter DRON-3 (USSR, Moscow).

3. Results and Discussion

The chemical composition of drill cuttings is represented by the following compounds,
wt.%: 510,-63.20; Al,O3-18.55; CaO-1.53; FeO-8.96; MgO-1.85; K,0-2.69; Na,O-1.10; TiO,-
0.91; SO3-0.95; p.p.p.-0.26. Drilling cuttings are technogenic waste from the mining industry
and are not dangerous according to the level of waste hazard. They have a density of
1.65 t/m°.

The names of the waste components included in drill cuttings and their mineralogical
composition are given in Table 1.

In addition, it was found that, in terms of effective specific activity, gray drill cuttings
and the proposed samples of local brown soils belong to the first radiation hazard group
(<370 Bq/kg) and can be used in construction without restrictions (Table 2).

The granulometric composition of thermal power plant ash is as follows: mass%:
more than 0.25 mm-6.88; 0.05-0.25 mm-22.84; 0.01-0.05 mm 51.67; 0.005-0.01 mm-~-11.90;
0.001-0.005 mm-3.69; less than 0.001 mm-~-3.00. The ash from StCHPP has the following
characteristics: content of SiOy-57.7%, Al;03-25.1%, CO-3.65%, MgO-1.30%, Fe;03-5.89%,
Stot—0.15%. The organic carbon content, depending on the size of the source material, ranges
from 0.232 g/kg to 6.65 g/kg. The presence of petroleum-like products from 0.175 g/kg to
3.30 g/kg is observed. Among the impurity elements, copper (20 g/t), lead (30 g/t), and
zinc (20 g/t) were identified. The crystalline phase consists of mullite, quartz (glass) and
the remains of unburnt carbonaceous material. Petrographic analysis data showed that
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groups of glassy, amorphous, crystalline and organic matter can be found in the ash. The
ash catcher has a high glass phase content (up to 70%).

Table 1. Mineralogical composition of drill cuttings.

Content, %

Minerals
From Before Average
Quartz 474 58.0 53.6
Hydromica 10.3 245 17.2
Feldspars 7.1 14.8 10.7
Kaolinite, 0.0 8.5 53
montmorillonite
Carbonates 0.7 10.8 4.0
Pyrite, marcasite 1.9 4.0 2.8
Muscov1tef biotite, 0.0 81 29
chlorite
Iron oxides and
hydroxides 0.6 1.9 1.3
Titanium minerals 0.2 1.0 0.8
organic matter 0.2 1.5 0.8
Apatite 0.2 0.5 0.3
Zircon, garnet, 01 29 0.9

topaz, epidote

Table 2. Study of radiation hazard of drill cuttings.

Measured Parameters (Minus Natural Background)

Sample
No. Name «-Radiation, p-Radiation, v-Radiation,
disp/(min x cm?)  disp/(min x cm?)  disp/(min x cm?)
Dirill cuttings 48 12 Does not exceed
(gray clay) natural background
’ Brown clay Does not exceed 3 Does not exceed

natural background

natural background

Note: analysis results apply only to tested samples

According to the results, the content of grains of electrothermophosphorus slag pass-
ing through sieve No. 0.14 (pulverized and clay fractions) should not exceed 10% by weight,
and 0.5% for larger 10 mm grains. If these conditions are met, the grain composition of
the sand is suitable for use. Bulk density was determined according to GOST 22733-77-
“Soils. Laboratory method for determination of maximum density”. It is 1450-1460 kg/m?.
The humidity of electrothermophosphorus slag is 5-6% (GOST 5180-75—"Soils. Labo-
ratory methods for determination of physical characteristics”). Water absorption was
determined according to GOST 7025-78—"Soils. Laboratory methods for determination
of strength and deformability characteristics” by the water saturation method for 48 h.
The indicator is 3-5%. The void content of electrothermophosphorus slag is 42-45%. The
angle of internal friction was determined according to GOST 12248-78 using a planar
cut device, ¢ = 40°. The solubility of electrothermophosphorus slag in water does not
exceed 0.3-0.5% by weight. Frost resistance was determined according to GOST 10060-
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76, “Methods for determining frost resistance”, using the freezing and thawing method.
The frost resistance index is 75-100 cycles. True density was determined according to
GOST 2211-85 by the pycnometric method. The chemical composition of ETF slags is
represented by the following mass compounds, %: S5i0,-42.71; Al,O3-2.54; Fe;03-0.25;
Ca0-45.92; MgO-3.24; P,05—2.25; SO3-0.5; p.p.p.—0.07. Electrothermophosphorus slags
are resistant to silicate decomposition, which were determined according to GOST 9758-77,
“Porous inorganic fillers for concrete”. According to XREF, the mineralogical composi-
tion of dense electrothermophosphorus slag was as follows: pseudo-wollastonite CaSiO3
70-80%, (d/n) = 2.87; 2.79; 2.55; 2.34; 2.18; 2.02; 1.82-10-10 m, phosphorus-containing
phases (cuspidine) 3CaO-25i0-CaF, 5-10(d/n) = 3.30; 3.06; 2.55; 2.30-10-10 m, melilite
CaAl,SiOg 5-7(d/n) = 3.06; 2.86; 2.47; 2.30; 1.98; 1.88 - 10-10 m.

Based on physical and chemical studies of drill cuttings and local raw materials,
it is obvious that the studied technogenic raw materials meet all the requirements for
raw materials for use in the composition of soil silicate concrete based on mineral slag
binder [57-62].

In the course of exploratory and experimental studies, the dependences of the con-
sumption of drill cuttings and local raw materials on the strength characteristics of soil
silicate concrete were established, from which it follows that their introduction in an
amount of 15-23% should be considered rational and quite sufficient, ensuring a signif-
icant increase in the strength of soil silicate concrete at compression of 3.0-3.5 MPa, i.e.,
compliance with the requirements for road pavement bases for class II and III roads. In
addition, the introduction of this mixture helps to reduce shrinkage deformations, which
are significantly manifested during the hardening of soil silicate concrete. That is, the
presence of drill cuttings and local raw materials in the composition of soil silicate concrete,
when strengthened with a mineral slag binder, significantly improves its structure and
performance characteristics. A general view of technogenic and mineral raw materials and
the samples of soil slice concrete obtained from them is shown in Figure 1.

Figure 1. General view of technogenic and mineral raw materials and samples of soil slice concrete
obtained from them.



J. Compos. Sci. 2025, 9, 225

7 of 11

The next stage in obtaining soil silicate concrete that meets the requirements was to
find the optimal amount of waste drill cuttings. Figure 2 shows the dependence of waste
consumption in the form of drill cuttings and ash from thermal power plants on the strength
of soil silicate concrete in compression and bending. Figure 2 shows the maximum strength
indicators for drill cuttings consumption in the range of 20 to 40%. It is also obvious that a
further increase in the drill cuttings content does not lead to an increase in bending strength,
because in this case, aggregation of micro-reinforcing fragments is observed, which leads
to an increase in defects and deterioration of the structure of soil silicate concrete. In
addition, the increased (more than 40%) content of drill cuttings contributes to a significant
increase in the water demand of soil silicate concrete to ensure the required plasticity and
workability of the soil mass, and this, in turn, leads to a sharp decrease in the strength
indicators [63-71]. Thus, the rational consumption of waste drill cuttings, which acts
as dispersed micro-reinforcement, can be considered 10 £ 1%, which makes it possible
to obtain soil silicate concrete with a tensile strength in bending of at least 0.6 MPa, i.e.,
meeting the requirements for class II roads.

R, MPa 1

0.75

0.5

0.25

2 4 6 8 10 12

" o

Figure 2. The influence of the consumption of drill cuttings and ash from a thermal power plant
mixture on the bending strength of soil silicate concrete with the introduction of additives: 1-mineral
slag binder (10%) + drill cuttings (20%) + ash from a thermal power plant (10%); 2-mineral slag
binder (10%) drill cuttings (20%) + thermal power plant ash (20%); 3-mineral slag binder (20%) + drill
cuttings (30%) + thermal power plant ash (10%); 4-mineral slag binder (30%) + drill cuttings (40%) +
thermal power plant ash (20%).

The next stage of research established the influence of the consumption of mineral
slag binder, drill cuttings and ash from thermal power plants on the strength of soil
silicate concrete, depending on recipe changes and the characteristics of the composition
of composite soil silicate concrete. The main task was to obtain soil silicate concrete with
specified properties that meet the requirements, with minimal consumption of mineral slag
binder and maximum consumption of drill cuttings and thermal power plant ash.

For this purpose, a series of samples with different formulations and different ratios
of components were tested. The consumption of mineral slag binder, thermal power
plant ash and drill cuttings in soil silicate concrete mixtures varied between 10 to 30% wt.,
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20-40% wt. and 10-20% wt. accordingly, which ensured wide coverage of the studied
formulations.

The dependences of the strength properties of soil silicate concrete with thermal
power plant ash, drill cuttings and mineral slag binder on their ratio in the component
mixture were also obtained. It is noted that the introduction of mineral slag binder has
a positive effect on the strength of soil silicate concrete in compression and tension in
bending; however, the degree of influence of the amount of mineral slag binder on the
strength in bending is more pronounced compared to the compressive strength. This
fact is explained by the high dispersion of soil silicate concrete and high deformability;
therefore, the mineral slag binder introduced into its composition does not affect the
strength indicators effectively enough. When strengthening a soil silicate concrete mixture
containing drill cuttings, thermal power plant ash and mineral slag binder, it becomes the
center of crystallization of not only soil particles, but also drill cuttings and thermal power
plant ash in the mixture, which, in turn, are structure-forming components. Therefore,
the strength characteristics of such a mixture are much higher, and the role of the mineral
slag binder is enhanced throughout the entire range of formulations; however, as the most
optimal approach, it can be reduced by an interval equal to 10-20%.

4. Conclusions

Based on the research conducted, the following findings and conclusions can be drawn
in particular:

- Ithasbeen established that, in terms of effective specific activity, gray drill cuttings
and the proposed samples of local brown soils belong to the first radiation hazard
group (<370 Bq/kg) and can be used in construction without restrictions;

- It was experimentally determined that the introduction of brow sludge and local raw
materials in an amount of 15-23% ensures the production of soil silicate concrete with
a compressive strength of up to 3.0-3.5 MPa, which meets the requirements for road
pavement bases of classes II and III;

- With the help of exploratory and experimental studies, it was established that, regard-
ing the dependence of the consumption of drill cuttings and local raw materials on the
strength characteristics of soil silicate concrete, in particular, the strength indicators
were maximized when the consumption of drill cuttings was in the range of 20 to 40%.
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