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Comprehensive overview of the macroscopic thermo-hydro-mechanical
behavior of saturated cohesive soils
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Abstract. Understanding the effects of temperature on the hydro-mechanical behavior of geomaterials (i.e., soil and rock)
has gained significance over the past three decades. This is due to new applications in which these materials are subjected
to non-isothermal conditions. Examples of such applications include geothermal systems, nuclear waste disposal, and
energy geo-structures. The analysis and design of such applications requires a thorough understanding of the macroscopic
thermo-hydro-mechanical (THM) behavior of the geomaterials. Although various aspects of this behavior have been
documented in the literature, a comprehensive overview of such behavior is lacking. This article presents such an
overview of the macroscopically observed THM behavior of saturated cohesive soils.

Keywords: saturated cohesive soils, temperature, thermo-hydro-mechanical, energy geo-structures.

1. Introduction

The effects of temperature changes on the hydro-mechanical behavior of geomaterials (i.e.,
soil and rock) assumes importance in many applications. During the 1930’s, perhaps the largest
concern related to temperature effects on soils was the disturbance, in terms of variations of strength,
and compressibility during the sampling, handling, or laboratory testing of specimens.

The subsequent incentive for improved understanding the thermal response of geomaterials
was the necessity to solve a rather diverse set of problems such as 1) the improved stability of soil
masses realized through their heating, 2) the interaction between soils and buried pipes transporting
fluids or high-voltage cables at elevated temperatures, 3) the integrity of pavements and subgrades
that are subjected to daily temperature variations, 4) the behavior of foundations (e.g., for furnaces)
that are subjected to cyclic variations in temperature, 5) the drilling of deep wells, both offshore and
on land, for hydrocarbon extraction, and 6) the effect of temperature variations on the behavior of
clay liners, possibly in conjunction with geosynthetics, used in landfills.

In the 20" century, the major challenge that motivated an improved understanding of the
thermo-hydro-mechanical (THM) behavior of soils was the disposal of radioactive waste in deep
underground or offshore repositories, primarily consisting of low-permeability clay soils.

In the 21% century, an understanding of the aforementioned behavior was required in
addressing two significant international socio-economic issues, namely the production and use of
energy. During the last few decades, concerns over energy equity and security, excessive energy
consumption rates, and issues related to climate change have intensified a worldwide effort to address
such issues [1]. Increases in the price of fossil fuels have also accelerated the investigation of alternate
energy sources. One such alternative, which is a renewable and possibly “clean” source of energy, is
geothermal energy [2].
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The basic premise underlying geothermal energy is to make use of thermal energy that is
generated by the decay of radioactive elements within the ground or, more likely, by the storage of
solar radiation. Several mechanical systems have been developed to facilitate the use of geothermal
energy. These are commonly divided into two main categories based on their temperature range,
namely 1) low thermal gradient zones known as Ground Source Heat Pumps [3], and 2) high thermal
gradient zones known as Enhanced Geothermal Systems [4].

One of the newer advances in geothermal systems are the so-called energy geostructures. In
such systems, structural elements, often associated with buildings, are used for heat transfer. Perhaps
the most significant challenge associated with energy geostructures is the proper account for the effect
of temperature on the response of the structure. Temperature changes typically induce variations in
the settlement of the soil and structure, as well as in the forces acting within the structure.
Consequently, supplementary considerations are required in the design of energy geostructures. The
difference in response of the structure (typically thermo-elastic) and the soil (typically inelastic) also
increases the complexity of the response. It follows that design of energy geostructures should be
executed with consideration of the inelastic thermo-mechanical response of soils (e.g., the effect of
temperature changes on consolidation and subsequent time dependent deformation of the soil), of the
mobilization of side friction between structural elements and the soil that they are in contact with,
and the additional loads due to degree of fixity at the bottom and top portions of the structure [5].

Since geothermal applications involve geomaterials (i.e., a soil or rock), understanding the
behavior of such materials related to thermal loading is vital. Soils are heterogeneous particulate
materials consisting of solid, liquid and gaseous phases. Consequently, they possess rather complex
heat dissipation mechanisms such as conduction, convection, radiation, ion exchange, as well as
vaporization and condensation. In unfrozen soils, heat transfer occurs by conduction and, to a lesser
degree, by convection [5]. Thus, thermal properties of the soils related to phenomena such as heat
capacity, thermal diffusivity and thermal conductivity are essential.

To further complicate the problem, other phenomena that can also influence the heat transfer.
These include 1) the temperature dependence of the thermal parameters characterizing the
geomaterial, 2) the effect of physical changes on the values of these parameters during mechanical
and thermal loading, and 3) the different rates of heat transfer between the solid and liquid phases in
a geomaterial [5].

The behavior of geomaterials is influenced by variables associated with the solid phase (e.g.,
mineralogy, size, shape, surface charge, composition, etc.), by the value of bulk (index) variables
(e.g., void ratio, moisture content, relative density, etc.), and by the characteristics of the pore fluid.
The relative importance of both micro- and macro-level variables is, however, dependent on the
particular soil under consideration.

In saturated cohesive soils, the solid phase consists primarily of fine-grained constituents such
as clays and silty clays. Clay particles are crystalline, plate-like, and have high specific surface (i.e.,
the surface area per unit mass) [6]. They have negative net surface charges and, due to breaks in their
crystalline structure, a net positive charge at the plate edges [7]. Such edges may attract negative ions,
dipole molecules, or may themselves be attracted to the negatively charged surface of another particle

[6].

The properties of any cohesive soil are known to significantly be influenced by the presence
of water [6], [8]. In a general cohesive soil, water is present in three forms, namely as 1) Ordinary
(“free” or “bulk™) liquid water, 2) Adsorbed water, and, particularly in low-porosity clays 3) An
“organized” fluid. Macroscopically, the charged nature of clay particles thus influences such
macroscopic measures of response as plasticity, shrinkage and swelling potential, permeability,
compressibility, and strength parameters (e.g., the cohesion and friction angle) [6].

It light of the above discussion, it is evident that the macroscopic thermo-hydro-mechanical
(THM) behavior of saturated cohesive soils should be interpreted in terms of the microscopic and
physicochemical aspects associated with such geomaterials. This behavior is complicated by the
discontinuous and heterogeneous nature of the microstructure (i.e., the geometric arrangement of pore
spaces, particles, and particle groups, along with the interparticle forces present in the geomaterial),
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as well as by sundry physicochemical aspects. A rudimentary discussion of such aspects, as they
apply to the THM behavior of saturated cohesive soils, was presented by Kaliakin et al. [9]; this was
superseded by the updated and more in-depth treatment presented by Mashayekhi [10]. More
thorough treatments of the microscopic and physicochemical aspects are given in books by Scott [11],
Mitchell [6] and Mitchell and Soga [12].

When mathematically modeling the THM behavior of saturated cohesive soils, it is not yet
possible to account for microscopic and physicochemical aspects in a manner that is both practical
and robust, especially when simulating actual boundary value problems. Instead, in such models these
aspects must be accounted for indirectly. This approach is largely based on the macroscopic THM
behavior of saturated cohesive soils that is observed in laboratory tests. This article presents a
comprehensive overview of such behavior. This overview updates and expands the earlier work of
Kaliakin et al. [9] and Mashayekhi [10].

2. Methods

The subject matter related to the THM behavior of saturated cohesive soils has been available
in the literature since the 1960’s. As such, some of the older references were available only in
hardcopy form. More current references were accessed from electronic databases such as Web of
Science.

In searching through the available literature, only subject matter pertaining to saturated
cohesive soils was considered. Herein, “cohesive soil” is restricted to clays and silty clays. Other
fine-grained soils such as silts and clayey silts were not included in the literature reviewed for this
article. This was done for reasons of brevity and because relatively little information is available
regarding the THM behavior of such materials.

The search of pertinent subject matter included master theses and doctoral dissertations.
Unfortunately, not all academic institutions provide easy access to such documents. Consequently,
the theses and dissertations cited in this article do not constitute a complete collection such references.

A topic associated with the THM behavior of saturated cohesive soils is the variation, with
temperature and possibly pressure, of the parameters used to characterize the thermal properties
geomaterials. Such parameters include the density of the pore fluid and solid phase, the isotropic or
anisotropic coefficients of thermal expansion for these two phases, the viscosity of the pore fluid, the
hydraulic and thermal conductivities, and the heat capacity and specific heat of the solid and pore
fluid phases. For brevity, the discussion of the aforementioned topic has been omitted from the
present review article. A rather thorough overview of this topic has, however, been given by
Mashayekhi in Chapter 4 of his dissertation [10].

3. Effect of Temperature on General Material Characteristics

Historically, the effect of temperature changes on the macroscopic behavior of cohesive soils
was evaluated using standard soil mechanics laboratory experiments. To begin the present overview
of the THM behavior of saturated cohesive soils, consider the effect of temperature on general
material characteristics.

3.1 Atterberg Limits

The plasticity of cohesive soils is largely characterized by the values of the liquid limit (w)
and plastic limit (wp). As noted by by Mashayekhi [10], “the effect of temperature on the Atterberg
limits has not been extensively investigated. This may, in part, be due to questions that have been
raised regarding the reliability of the Atterberg limit tests”. Consider the determination of we. In this
test, an exchange of heat typically takes place between the soil and the hand of the individual
performing the test [13], [14]. In addition, it is a well-known fact that the determination of wp is more
subjective and more prone to error than the determination of wy [15], [16]. It is timely to note that
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measurements of wi using the standard Casagrande device are more subjective and tend to be less
repeatable than those obtained when using a cone penetrometer [17], [18].

The first experimental investigation of the effect that changes in temperature have on the
Atterberg limits was that performed by Youssef et al. [19], who conclude that temperature increases
lead to a reduction in the values of w and we. These findings were explained by the observation that,
since temperature increases reduce the moisture content (w) of a soil, index properties dependent on
w will likewise decrease under such conditions.

Similar reductions in wi at elevated temperatures were reported for the three major clay
mineral types (kaolinite, illite, and monmorillonite) by Laguros [13]. In this study, the results obtained
for wp were, however, rather inconsistent. Reductions in wr and wp with increases in temperature
were also observed by Ctori [14] and by Wohlbier and Henning [20].

After reviewing the aforementioned results of Youssef et al. [19] and Laguros [13], Mitchell
[21] concluded that the reductions in wy with increases in temperature to be consistent with the
reductions in strength observed at elevated temperatures (to be discussed in sub-section 3.3),
especially since wy is considered to be an indirect measure of shear strength of cohesive soils.

The results of more recent investigations seem to indicate that the mineralogy of the cohesive
soil plays a significant role in determining the effect of temperature changes on the Atterberg limits.
This observation stems from the rather contradictory results [22], [23], [24], [25] which indicated that
such limits for kaolinite were essentially unaffected by changes in temperature. However, for
kaolinite-bentonite mixtures, Reifer [23] found that wy increased with increases in temperature. Such
increases intensified as the percentage of bentonite was increased. The value of wp was, however,
essentially unaffected by these increases in temperature.

A somewhat more systematic study of the effects of mineralogy on the temperature
dependence of wi was carried out by Jefferson and Rogers [26]. In this study, it was determined that
although w decreased with temperature for kaolinite, it increased for specimens that contained
percentages of bentonite. Jefferson and Rogers [26] attributed these variations in wy to the specific
surface of the particular clay mineral. Thus, for clays with relatively high specific surface (e.g.,
bentonite), w will increase with increased temperature; in clays with low specific surface (e.g.,
kaolinite), it will slightly decrease for these same temperature increases.

3.2 Elastic Response

Although it is widely accepted that soils exhibit elastic response only at very low strains [27],
[28] their elastic response has been rather extensively studied in the past. Of particular interest to the
present development is elastic response under non-isothermal conditions.

The first experimental study of the effect of temperature changes on the response of clays,
consisting of drained stress relaxation tests performed on saturated, undisturbed specimens, was
performed by Murayama and Shibata [29]. Based on the results of this study, an analytical
formulation in which the solid phase of the soil was idealized as being viscoelastic was proposed.
Subsequent work by Murayama [30] extended this formulation by basing it on statistical mechanics
(i.e., the rate process theory).

As summarized by Mashayekhi [10], Murayama and Shibata [29] conjectured that “the elastic
resistance of clay particles is due, in part, to an imbalance of attractive and repulsive physicochemical
forces, as well as to the viscous resistance due to adsorbed water between particles. Thus, although
the elasticity of the skeleton is likely due to bending of the thin plate particles, it is also attributed to
physicochemical interparticle forces. According to the Gouy-Chapman theory, temperature increases
reduce the thickness of the diffuse double layer, thus also reducing the electric repulsion between
clay particles” [31]. As a result, it follows that the elastic response of the clay tested will be a function
of temperature changes.

Another important observation attributed to Murayama and Shibata [29] is the apparent
existence of a “threshold” axial strain value (on the order of 1.0%), below which the elastic moduli
will be unaffected by changes in temperature. Once this value is exceeded, temperature increases will
cause the elastic moduli to decrease in magnitude. Murayama and Shibata [29] attributed this
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behavior to “fracture” of the solid phase once the aforementioned “threshold” axial strain value was
exceeded.

With an eye towards using the mathematical theory of elastoplasticity to simulate the behavior
of cohesive soils, investigations have been made into the effect of temperature changes on the size of
the elastic domain in such simulations [32], [33], [34]. Based on these investigations, there appears
to be general consensus that the size of this domain decreases with increases in temperature.

3.3 Shear Strength

One of the most fundamental material characteristics associated with geomaterials is their
shear strength. The variation of shear strength of saturated cohesive soils, as a function of
temperature, has been the subject of a number of studies [31], [35], [36], [37], [38], [39], [40], [41],
[42], [43], [44], [45]. However, as noted by Mashayekhi [10], a general consensus regarding the effect
of temperature variations on the shear strength of saturated cohesive soils has not been reached.

In their study of compacted cohesive soils, Hogentogler and Willis [35] found that increases
in temperature decreased the strength of such materials. Lambe [31], on the other hand, postulated
that an increase in temperature should result in an increase in shear strength. Citing the earlier
findings of other investigators [35], [36], [37], Leonards [38] postulated that increases in temperature
should cause a reduction in the shear strength of clays, thus contradicting Lambe’s [31] hypothesis.
From undrained axisymmetric triaxial tests performed on specimens of San Francisco Bay Mud,
Mitchell [40] found that higher temperatures produced lower shear strength and higher excess pore
pressure generation. Duncan and Campanella [42] acquired experimental data for soils first
consolidated and then sheared under undrained axisymmetric triaxial conditions. Their findings also
indicated that an increase in temperature causes a reduction in strength. Sherif and Burrous [44]
investigated the undrained strength of kaolin subjected to undrained thermal loading and also found
substantial reductions in strength. Figure 1 summarizes some of their findings.

Noble and Demirel [43] sheared specimens of a highly plastic alluvial clay at temperatures
that were lower than the temperature at which they were consolidated. It was observed that the higher
the consolidation temperature, the greater the shear strength at any given temperature. This
observation, which agrees with the results of Laguros [13], is attributed to the greater decrease in
volume (and thus void ratio) at higher consolidation temperatures. However, for a given consolidation
temperature, the strength decreases in a regular manner with increasing test temperature. Leroueil
and Marques [46] concluded that the undrained shear strength of saturated cohesive soils decreases
by approximately 10% per 12°C change in temperature.

In the case of undrained shearing that follows heating under drained conditions, the shear
strength of soil tends to increase. This is explained by the fact that thermal compression of the soil
during drained heating reduces the soil’s void ratio and thus increases its shear strength.

By contrast, following undrained heating, the undrained shear strength tends to decrease.
Hueckel and Baldi [34] attribute this phenomenon to the decrease in effective stress due to the
increase in the generation of excess pore pressure during the process of undrained heating.

3.4 Anisotropy

The results of many experiments indicate that the mechanical properties of many natural and
remolded soils are associated with certain preferred directions in space [47], [48]. Mathematically,
such soils are thus classified as being anisotropic [49].

The anisotropy of cohesive soils is commonly attributed to preferred orientations of particles
or clusters of particles, and possibly to the development of residual microstructural stresses [49]. Such
preferred orientations result in both elastic and inelastic anisotropy. According to Dafalias [50], the
consideration of elastic anisotropy is important for small strain levels. For larger strains, however,
inelasticity is predominant, and elastic anisotropy can thus be neglected.
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Figure 1 — Effect of temperature on the undrained shear strength of kaolinite in unconfined
compression (after Sherif and Burrous [44])

Very few experimental studies have been performed to investigate the effect that changes in
temperature have on the behavior of anisotropically consolidated cohesive soils. In such studies, the
specimens are assumed to be transversely isotropic [49].

One important contribution in this area is the critical review by Hueckel and Pellegrini [51]
of experimental data for two deep ocean clays [52], [53] that exhibited pronounced anisotropy.
Hueckel and Pellegrini [51] noted that when these clays are isotropically compressed under
isothermal conditions, they exhibit greater compression in the “vertical” direction (i.e., the direction
perpendicular to the plane of isotropy) than in the “horizontal” direction (i.e., the direction parallel to
the plane of isotropy). They attributed such behavior to the past loading history for these clays, which
consisted largely of one-dimensional straining in the “vertical” direction, followed by unloading. Due
to such a loading history, the clay particles and particle clusters tend to align themselves at right
angles to the “vertical” direction, thus giving rise to a primarily horizontal orientation [54]. Upon
subsequent laboratory re-loading, these clays tend to deform more easily in the “vertical” direction.
When both of these clays were subjected to isotropic heating, the irreversible strain in the “horizontal”
direction was larger than in the “vertical” direction. Although Hueckel and Pellegrini [51] could not
definitively explain such results, their conjecture was that under isotropic conditions, lateral strains
tend to be larger than for anisotropic (Ko) conditions.

Somewhat limited experimental evidence seems to indicate that the largest degree of
anisotropy in cohesive soils is present during elastic deformation [55]. Then, under isotropic inelastic
re-loading, it essentially disappears. Such behavior is consistent with the aforementioned hypothesis
of Dafalias [50].

The effect of temperature changes on the behavior of overconsolidated anisotropic cohesive
soils has received precious little attention in past studies. The only work in this area appears to be
that reported by Virdi and Keedwell [56]. In this study, overconsolidated kaolin specimens were
subjected to transient temperature distributions. The higher deviatoric stresses that resulted were
attributed by Virdi and Keedwell [56] to stress-induced anisotropy, which tended to make the
specimens stiffer in the axial (“vertical”) direction.
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In a more recent study, Russell Coccia and McCartney [57] employed a true triaxial apparatus
to study the effect of anisotropy on thermally induced volume changes of a saturated silt tested under
drained conditions. They concluded that such volume changes are not significantly influenced by
stress-induced anisotropy.

4. Effect of Temperature on Behavior Under Drained Conditions

In drained tests, the drainage valves in the test apparatus remain open. The stresses are applied
very slowly so that essentially no excess pore pressure is developed in the specimen.

The earliest investigation of the effect of temperature on the drained response of saturated
cohesive soils appears to be that of Gray [58]. Based on the results of this, as well as subsequent
investigations, there is general consensus that at constant levels of stress under drained conditions,
normally consolidated (NC) and lightly overconsolidated (OC) cohesive soil specimens compress
when heated. Temperature decreases typically cause such specimens to swell; pore fluid is adsorbed
by such specimens [42], [59]. The aforementioned compression in heated NC specimens appears to
be independent of the material state but to be dependent on the mineralogy and porosity of the
specimen [52].

The behavior of saturated NC specimens subjected to cycles of heating and cooling under
drained conditions at constant stress states has also been investigated. During such thermal cycling, the
behavior appears to be inelastic; that is, some part of the axial strain is irreversible [42], [60], [61]. The
associated permanent decrease in void ration during such thermal cycling appears to be independent of
the effective confining stress [25], [43], [60], [62], [63], [64], [65]. Specimens subjected to such
temperature cycles behave as if they were overconsolidated [25], [33], [34], [42], [63], [66].

The magnitude of the volume change under drained conditions has been reported to reduce
with increases in the overconsolidation ratio (OCR) [34], [53], [59], [60], [61], [63], [67]. The rate of
this reduction seems to be a function of the stress level (typically represented in terms of the OCR
[60]). In the case of cohesive soils of low plasticity, such reductions tend to be rather pronounced.
For cohesive soils with high plasticity, the rate of such reduction appears to be less significant. For
low porosity clays, volume contraction becomes dilative for high OCRs [25], [61].

When NC and OC cohesive soil specimens are cooled under drained conditions, the associated
volumetric strains are generally independent of the stress state, thus implying elastic response. The
volumetric strains generated during such cooling do not necessarily have the same sense. For
example, in the case of illitic clays [21], [62], [63], and for Pontida silty clay [61], the volumetric
strains are rather pronounced and dilative (and thus negative). In the case of soft Bangkok clay [65]
and Boom clay [61], the volumetric strains generated during cooling are quite small as compared to
the strains produced during heating. By contrast, when Spanish clay [53] is cooled, the volumetric
strain generated tends to be compressive (and thus positive). As noted by Mashayekhi [10], “the
aforementioned variations in the sign of the recoverable volumetric strain have, in some cases,
necessitated the use of rather elaborate functional forms for the coefficients of thermal expansion for
cohesive soils”.

4.1 Compressibility Characteristics

The compressibility of soils is typically studied using oedometer and axisymmetric triaxial
devices under drained conditions. Several experimental investigations have examined the effect that
temperature cycling has on volume change characteristics in such tests that are carried out constant
levels of confining stress. These investigations used a standard laboratory oedometer [25], [33], [63],
[66], [68], [69], [70], a standard triaxial cell with isotropic confining pressure [42], [53], [67], and a
special triaxial test cell [59], [60]. The tests performed using such devices tests were carried out at
varying (constant) stress levels and temperatures.

The results of such tests indicate that, when subjected to temperature increases, NC and lightly
OC specimens consolidate; temperature decreases lead to the swelling of such specimens. As a result,



Technobius, 2025, 5(1), 0071

the soil behaves as if it were overconsolidated [34], [42], [63], [66]. Consequently, the heating of
such specimens at constant mean normal effective stress produces a quasi-preconsolidation behavior
similar to that associated with long term consolidation [25], [33], [42], [63].

For NC specimens, the magnitude of irreversible volume change generated by heating, while
material specific, was shown to be essentially independent of stress level. In particular, when
subjected to temperature increases, illitic clays [62], [63] and smectites [43] exhibited a clear
reduction of void ratio. For clays possessing high volume fractions of silt this was not, however, the
case, as such soils did not undergo appreciable void ratio reductions when heated [63].

By contrast, in OC cohesive soils the thermally induced volume changes are typically
independent of stress level. They are, however, a function of the stress history, which is typically
quantified by the OCR.

The effect of temperature cycling on the volume changes in OC cohesive soils has also been
investigated [34], [53], [60], [61], [63], [67]. As summarized by Mashayekhi [10], “the consensus
appears to be that compared to normally consolidated specimens, thermally induced volumetric
strains are relatively small, depend on the OCR [34], [63], [71], and are largely reversible”. In support
of this summary is the observation that the amount of compression exhibited under drained conditions
appears to decrease with increasing OCR. In the case of clays with low porosity, the behavior of OC
specimens was actually found to be thermoelastic [34], [53], [61]. Furthermore, when heated, highly
OC specimens of such clays dilated. This is partly explained by the fact that when such clays are
heated, the pore fluid expands to a greater degree as compared to the solid phase. Since the
permeability of clays is relatively low, this fluid cannot quickly drain from the pores, resulting in
dilative behavior.

4.2 Compression and Swell/Recompression Indices

The compressibility of soils is typically characterized by the values of compression index Cc
and the swell/recompression index C;. Based on the available experimental findings, there does not
appear to be consensus regarding the effect of temperature increases on the values of C¢ and C; (or
on their critical state counterparts A and x, respectively). The following findings are presented in
support of this conclusion.

4.2.1 The Compression Index

Initially, most of the experimental studies were performed at relatively low stress levels [13],
[63], [66], [69], [72]. The results of these studies indicated that the value of C. changed with
temperature. Such changes were dependent on the stress level [72], the soil type, and on temperature
[63], [66], and pressure [63].

At higher confining pressures, the value of Cc was found to be practically temperature
independent [32], [42], [60], [62], [67], [68], [73], [74], [75]. Increases in temperature tended to
displace the virgin compression line in void ratio versus logarithmic of stress space to lower void
ratios; the slope of the line, which is equal to Cc, remained essentially the same. These findings were
supported by the results of a subsequent analytical study that was based on the Gouy-Chapman theory
[76].

The effect of stress history on the thermally induced variation in C; was also studied by
Habibaghi [69]. Based on the result of this experimental program, it was concluded that for NC clays
at stresses greater than 300 kPa, the C. values were temperature independent. However, for OC
specimens, such values were dependent on the temperature. Habibaghi [69] noted, however, that this
dependency seemed to diminish with reductions in the OCR. Consequently, the effect of temperature
on the value of C. appears to be a function of the stress history.

4.2.2 The Swell/Recompression Index

A few researchers [13], [34], [42] have reported that the value of C; was essentially
temperature independent. Other findings [32], [73], [77], however, showed that C; was an increasing
function of temperature.
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This assessment of the temperature dependence of C; appears to depend on whether the swell
or the recompression portion of the response was considered in a given experimental study. This
conjecture is largely due to the findings of Campanella [62], who attributed the observed variation in
C: to hysteresis effects (which is related to changes in a soil’s compressibility), and to differences in
unloading-reloading response. In support of this conclusion, is the fact that the tests of Eriksson [32]
were performed on the recompression portion of the void ratio versus logarithm of stress curve. By
contrast, the test results of Laguros [13] were, however, obtained from the swell portion.

The apparent discrepancies associated with the dependence of C: on temperature were
investigated by Abuel-Naga et al. [67], who performed tests involving both the swell and
recompression phases of the response. In tests that made use of the recompression line, C; was found
to be temperature dependent, while in those involving the swelling line, C; was found to be
temperature independent. These results led Abuel-Naga et al. [67] to conclude that, since the
recompression portion of the response involves irreversible deformations, the proper assessment of
the temperature dependence of C, must make use of the swell portion.

In an attempt to explain the elastic response associated with the swell portion, Mashayekhi
[10] notes that “from a micromechanical viewpoint, temperature increases will tend to reduce
interparticle bond strength and thus increase the elastic deformations. However, under drained
conditions, the same temperature increase will cause a reduction in void ratio, thus compensating for
the reduction in bond strength. The overall response may thus be largely temperature independent”.

4.3 Preconsolidation Stress

The effective preconsolidation stress (o3,) is thought to be a “yield limit”, that under both
isotropic and anisotropic stress states, separates elastic response from inelastic response [46]. Based
on the results of oedometer and constant rate of strain axisymmetric triaxial tests, it has been
ascertained that, at a given value of void ratio, increases in temperature cause o, to decrease [32],
[33], [34], [65], [74], [77], [78], [79], [80]. The change in o, appears to be greater for cohesive soils
with increased clay content, as well as for those characterized by larger values of wi [33]. Figure 2
summarizes some experimental results related to the effect of temperature on o;,.

The reduction in o, appears to depend on the stress ratio, 7 = g/p’, where q is the deviator

stress and p' is the mean normal effective stress. The higher the stress ratio, the smaller the reduction
of oy, [67].
p

5. Effect of Temperature on Behavior Under Undrained Conditions

In undrained tests, the drainage valves in the test apparatus are closed following consolidation.
The stresses subsequently applied to a specimen generate excess pore pressures, which are recorded.

For NC and lightly OC saturated cohesive soils tested under undrained conditions at a constant
level of total stress, temperature increases, even minor ones, lead to the development of excess pore
pressure and thus to a decrease in effective stress [30], [45], [56], [81], [82]. Decreases in temperature
cause the excess pore pressure to decrease.

The aforementioned changes in excess pore pressure are typically attributed to sundry
physicochemical effects, and to the difference in thermal expansion characteristics associated with
the pore fluid and solid phases. The magnitude of excess pore pressure change is thought to be a
function of the 1) path followed in thermal loading, 2) temperature increments used in a given test,
3) compressibility of the soil being tested and, 4) thermal expansion properties of the pore fluid and
solid phase [45].

Investigations of thermal cycling indicate that the resulting pore pressure changes are
irreversible [81], [83], [84], [85]; the pore pressure response is characterized by hysteresis loops that
may [81] or may not [63], [83], [84], [85], [86] be closed.

Campanella and Mitchell [42] hypothesized that continued temperature cycling and the
dissipation of “secondary compression tendencies at high temperatures” would result in excess pore



Technobius, 2025, 5(1), 0071

pressure-axial strain hysteresis loops that were closed. In support of this conjecture was the lack of
residual excess pore pressure for specimens of illite tested by Campanella and Mitchell [42]. Before
being subjected to undrained conditions, these specimens were subjected to temperature changes
under drained conditions.
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Figure 2. Effect of temperature on the normalized preconsolidation stress (after [46]).

Two important observations related to temperature dependent response of saturated cohesive
soils under undrained conditions were made by Plum and Esrig [63]. First, they noted that hysteresis
loops would only be expected to occur following several thermal loading-unloading cycles or after
variations in temperature. Secondly, they noted that a closed hysteresis loop would be developed only
when the soil is somewhat OC. This second observation leads credence to earlier results presented by
Mitchell and Campanella [81] that produced closed hysteresis loops, for this study involved two OC
cohesive soils.

6. Time Dependent Behavior

The effect of temperature changes on the time dependent behavior of saturated cohesive soils
is somewhat complicated by the fact that it is rather difficult to isolate temperature effects from time
effects [10]. When discussing the macroscopically observed time-related behavior of saturated
cohesive soils, this subject is commonly divided into the following categories: a) constant stress
creep, b) constant strain relaxation, and c) strain-rate effects. Such a division is admittedly somewhat
artificial. Indeed, it is the feeling of many researchers that the same micromechanical mechanisms
may be responsible for all three of these phenomena [9], [87]. Nevertheless, it successfully separates
the different types of time dependent behavior for specific loading conditions, and it aligns with the
manner in which this subject has been presented in past literature. Consequently, it facilitates the
presentation of subject matter in this section.

6.1 Constant Stress Creep

Of the aforementioned categories related to time dependent behavior, the creep of saturated
cohesive soils has been studied more comprehensively than relaxation or strain-rate effects. Constant
stress creep is defined as the time dependent development of shear- and/or volumetric deformations
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under a constant state of total stress. Creep occurs under both drained (constant effective stress), as
well as undrained (constant volume) conditions. It is used to depict a number of field applications in
which a constant load is applied to a soil deposit (e.g., from an embankment built on the ground
surface), and causes either undrained or drained creep in the supporting soil.

In what appears to be one of the earliest systematic investigations of the effect of temperature
on the time dependent behavior of cohesive soils, Murayama [30] performed creep tests, under
drained conditions, on NC specimens of an alluvial marine clay. Based on the results of these tests,
at a given temperature, the creep strain rate was determined to be linear with the logarithm of time.
Although increases in temperature caused the strain rate to increase, it remained approximately linear
with the logarithm of time.

A similar series of drained creep tests was performed by Campanella [62], albeit on specimens
of illite. For a given (constant) level of total stress, and under isothermal conditions, only relatively
small volume changes were measured during creep. If, however, a specimen’s temperature was
increased after consolidation, the volume changes measured during creep increased rather
appreciably. Campanella [62] also found that, at a given time during creep, specimens consolidated
at higher temperatures exhibited higher strain rates. Unlike the findings of Murayama [30],
Campanella [62] noted that his experimental results were best represented by a linear relationship
between the logarithm of strain rate versus the logarithm of time.

The subsequent drained creep tests performed by Virdi and Keedwell [56] were noteworthy
because they not only maintained a constant temperature during the tests but also imposed a transient
temperature state consisting of two full cycles. Based on the results of these tests, Virdi and Keedwell
[56] noted that temperature increases reduced the volume of their specimens. Temperature decreases
had the reverse effect. In all of the drained creep tests performed, the effect of temperature changes
on the volumetric and axial strain rates was more pronounced at higher deviator stress levels. Virdi
and Keedwell [56] also noted that, in response to temperature variations, the volume of pore fluid
expelled from, or absorbed into a specimen appeared to be proportional to the moisture content.

The topic of secondary compression (drained volumetric creep [87]) is very often included in
a discussion of consolidation. The effect of temperature increases on secondary compression has thus
been the focus in several investigations [25], [42], [63], [88], [89]. The results of these investigations
have not, however, been in general agreement. For example, the conclusion reached by Plum and
Esrig [63] was that if sufficient time is allowed for thermally induced volume changes to occur, the
rate of secondary compression will only slightly be affected by temperature increases. This
conclusion, however, contradicted the findings of other investigators [25], [42], [88], [89]. As noted
by Mashayekhi [10], “it is possible, however, that in the latter investigations insufficient time was
allowed for thermally induced volume changes to fully manifest themselves”.

In their study of thermal effects on secondary compression, Towhata et al. [25] increased the
temperature at different times during the secondary phase of consolidation. The found that such
actions accelerated the amount of volume change generated during this phase.

Burghignoli et al. [75] also performed thermal consolidation tests on NC specimens. They
found that in heated specimens the variation in void ratio during secondary compression was
relatively large. Burghignoli et al. [75] concluded that during the secondary phase of consolidation
of NC clays, creep deformations were dominant. When such specimens were cooled, they did not
exhibit any appreciable secondary compression. In their tests on OC specimens, Burghignoli et al.
[75] reported essentially identical behavior during both heating and cooling phases. Such results
underscore the importance of stress history when studying temperature and time dependent processes.

It is timely to note that in discussing the somewhat controversial subject temperature effect
on secondary compression, there appears to be consensus that the overconsolidation of cohesive soils
due to cooling reduces the rate of secondary compression [42], [63], [75].

Relatively few experimental studies have investigated the effect of temperature on creep of
cohesive soils under undrained conditions. Before subjecting them to undrained creep, Houston et al.
[45] consolidated specimens at constant temperatures under drained conditions. They found that, with
increasing consolidation temperatures, undrained creep strain rates decreased. Houston et al. [45]



Technobius, 2025, 5(1), 0071

attributed such behavior to the greater degree of densification and higher stiffness that is obtained
during consolidation at elevated temperatures. During undrained creep, specimens tested at higher
temperatures were more likely to fail under undrained conditions.

Similar to the aforementioned drained creep tests, Virdi and Keedwell [56] also performed
undrained creep tests in which a constant temperature was maintained and during which a transient
temperature state consisting of two full cycles was imposed. In these tests, four different (constant)
values of deviator stress (30, 50, 70, and 90% of the failure stress under isothermal conditions) were
maintained. Virdi and Keedwell [56] found that the magnitude of excess pore pressures generated in
a specimen increased with temperature; when cooled, such pore pressures decreased. During
temperature increases, the axial strain in the specimens increased. For specimens subjected to thermal
cycling, such increases decreased with each cycle. When the temperature of a specimen was
decreased, the axial strain did not decrease appreciably; this was particularly true at the higher
deviator stress levels.

6.2 Constant Strain Relaxation

Constant strain relaxation tests attempt to duplicate the behavior of loaded soil masses whose
dimensions in-situ remain essentially unchanged. Prime examples of such scenarios are problems
involving soil-structure interaction in which the presence of the structure prevents excessive
deformation of the soil mass, or in the case of objects penetrating into soil that are held stationary for
some period of time (e.g., a cone penetration test held stationary while load and pore pressure changes
are measured). In such problems, the reduction (relaxation) of stresses in the soil mass is of primary
interest.

As noted by Mashayekhi [10], “data concerning the effect of temperature on constant strain
stress relaxation is quite scarce”. Indeed, the only extensive experimental study of this subject was
that performed by and Murayama and Shibata [29]. In this study, stress relaxation tests were
performed in axisymmetric triaxial compression under undrained conditions. Based on the results of
such tests, Murayama and Shibata [29] found that, during relaxation, the deviator stress decreased
linearly with the logarithm of time and approached a non-zero limiting value. The results of these
tests also showed that three initials as well as the fully relaxed levels of deviator stress decrease with
increases in temperature.

6.3 Strain-Rate Effects

As in the case of constant stress creep, there have been two primary bodies of work performed
for this subject. First are undrained shear tests using axisymmetric triaxial, direct simple shear, or
other devices in which a shear stress can be applied to a specimen. Secondly are drained one-
dimensional consolidation tests using either calculated strain rates in conventional, incrementally
loaded consolidation tests or in the constant rate of strain consolidation test. Unfortunately, to date
no systematic studies of the effect that temperature changes have on the behavior of saturated
cohesive soils subjected to different rates of loading have been performed. In such studies, the THM
behavior of saturated cohesive soils is a function of not only stress, strain, and temperature, but also
of the strain-rate.

7. Discussion

This article presented a comprehensive overview of the macroscopically observed thermo-
hydro-mechanical behavior of saturated cohesive soils. Several findings related this behavior are
noteworthy. These are summarized below.

Based on the results of several experimental studies, it appears that clay minerology assumes
importance in determining the temperature dependence of the liquid limit (wi). Due to the subjective
nature of the plastic limit test, no definitive conclusions have been reached regarding its temperature
dependence.
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The effect of temperature on wy is explained by the fact that mineralogy is intimately related
to the specific surface associated with a particular clay mineral [6], [7]. In kaolinites, which have the
lowest specific surface among clay minerals, the adsorbed water layer is relatively thin and the
interparticle bonding would thus be realized mostly through solid bonds. When heated, kaolinite
particles lose some of the adsorbed water and the interparticle forces are influenced by sundry
physicochemical effects that cause some of the bonds to break. This results in, at most, a slight
reduction in we. In smectites, which possess the largest specific surface among clay minerals, the
adsorbed water layers are relatively thick. Since experimental results indicate that the heating of
smectite-rich soils causes wi to increase, this implies that heating has caused an increase in the
thickness of the adsorbed water layer. This, however, contradicts the observation [6] that changes in
temperature have only a negligible on the thickness of the diffuse double layer. Clearly, additional
research regarding the temperature dependence of wy is warranted.

The thermal response of saturated cohesive soils is affected by the soil type and, in the case
of clays, by the minerology of the soil. Consequently, for heating under drained conditions, higher
volume change will be observed for soils with higher plasticity indices. For heating under undrained
conditions, higher excess pore pressures will be observed in such soils.

Based on the results of a somewhat limited number of experimental studies, temperature
increases reduce the magnitude of elastic moduli. There is also general consensus that the extent of
the elastic domain for a saturated cohesive soil decreases with increases in temperature.

A general consensus has not been reached regarding the effect of temperature on the shear
strength of saturated cohesive soils. The strength of such soils can increase or decrease with changes
in temperature. In certain cases, however, the shear strength appears to be unaffected by temperature
changes. It is the feeling of some researchers [90] that this apparent confusion is attributed to the lack
of consideration of the thermal and mechanical history of the soil prior to failure. This
notwithstanding, clearly, this subject requires additional experimental investigation.

The effect that temperature increases have on the internal friction angle is rather inconclusive.
For NC clays, temperature changes have little effect on the effective friction angle, at least for values
lower than about 50°C [46]. Depending on the specific conditions maintained during a test, increases
in temperature can cause the magnitude of the friction angle at critical state either to slightly increase
or to decrease.

Anisotropy does not appear to be induced in saturated cohesive soils by temperature increases,
though pertinent experimental results are relatively scarce. Increases in temperature can reduce the
degree of anisotropy in such soils.

In normally consolidated saturated cohesive soils subjected to temperature increases under
drained conditions, the resulting reduction in void ratio appears to be independent of the stress state.
The magnitude of this reduction depends on the predominant clay mineral present in the soil, as well
as its moisture content.

Based on the available experimental results, there does not appear to be consensus regarding
the effect of temperature increases on the values of the compression index C¢ and on the swell/re-
compression index C,. Except for very low confining stresses, the value of C. appears to be
temperature independent. If it is measured from the re-compression portion of the void ratio versus
logarithm of stress plot, the value of C: will likewise be essentially independent of temperature.

The effective preconsolidation stress (o3,) is affected by changes in temperature. Increases in
temperature cause to oy, to decrease. The rate of this decrease appears to a function of the material
characteristics of the saturated cohesive soil.

Based on the results of several experimental studies, the excess pore pressures generated under
undrained conditions by temperature increases depend on the magnitude of the applied temperature
increment, on the stress state in the soil, and on the magnitudes of the thermal expansion coefficients
for the fluid and solid phases.
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During undrained heating, positive excess pore pressures are generated in normally
consolidated specimens. The magnitude of such pore pressures decreases with increasing degree of
overconsolidation.

When specimens are cooled under undrained conditions, the excess pore pressures decrease.
In normally consolidated specimens, temperature cycles produce irreversible changes in excess pore
pressure. In overconsolidated specimens, such pore pressures appear to be reversible.

Experimental investigations of temperature cycling under undrained conditions seem to
indicate that the resulting changes in excess pore pressure are irreversible, thus implying that effective
stresses will likewise be affected. During such thermal cycling, hysteresis loops shall be formed,
though necessarily during the first cycle. In addition, the amount of residual excess pore pressure that
is generated seems to decrease with the number of cycles, for the soil is becoming increasingly
overconsolidated.

In constant stress creep tests performed on normally consolidated and on lightly
overconsolidated cohesive soils, increases in temperature result in increased axial strain rates and
increased excess pore pressures.
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Rehabilitation of lengthy sewer pipelines by polymer-composite CIPP
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Abstract. This study examines the feasibility of Cured-in-Place Pipe (CIPP) technology for trenchless rehabilitation of
aging sewer pipelines, addressing the severe deterioration of Karaganda’s sewer networks. A 3 km section was inspected
using CCTV, ultrasonic, and shock-pulse methods to assess pipeline conditions, revealing structural defects with
depreciation levels reaching 70-100%. The CIPP method was successfully applied to restore the integrity of 2.6 km
pipelines while minimizing excavation, stabilizing the average flow rates and velocity of 0.8-1.2 m pipelines at 710 liter/s
and 1.2 m/s, respectively. Hydraulic analysis confirmed that rehabilitated pipelines maintained sufficient flow velocity
for self-cleaning and increased capacity, reducing blockage risks. The findings demonstrate that CIPP is a sustainable
alternative to pipeline replacement, offering a viable solution for long-length sewer rehabilitation and supporting strategic
urban infrastructure renewal.

Keywords: sewerage, rehabilitation, CIPP, ultraviolet curing, CCTV.

1. Introduction

Water is a key element of sustainable development, directly affecting life on Earth. As urban
populations grow, urban functioning will depend on water management and water-related risks will
be concentrated in cities [1]. Urban development increases impervious surfaces, intensifying the load
on sewer systems through greater stormwater volume [2]. Sewer networks play an important role in
protecting health and the environment, but aging pipelines can lead to leaks and malfunctions,
creating environmental and health risks [3]. In this regard, the sewerage systems in Kazakhstan face
many problems that require comprehensive solutions [4]. The majority of these systems were built in
the 60s and require significant investment in rehabilitation and modernization [5]. In particular, the
deterioration rate of Karaganda sewer networks had already reached 80% by 2006 [6]. Obviously,
these networks have become even more dilapidated in the nearly 20 years that have passed and have
accumulated so much stagnant household waste that they need either complete replacement or
unconventional treatment approaches. Since the traditional systems, even pressurized ones [7], may
not be able to handle the flushing of stagnation. Besides the friction of even small stagnations may
disturb flow rate and quickly increase in size with clinging sludge and debris. Therefore, Karaganda
sewer networks should be urgently inspected and rehabilitated using modern techniques considering
the length of exhausted sections, to help reduce the risks and costs associated with their failure.

[25] presents a detailed analysis of design and rehabilitation methods for underground pipelines,
including modern remediation technologies. The main attention is paid to engineering calculations
and design, while rehabilitation issues are considered only superficially. The work does not fully take
into account the complex mechanical stresses arising in real operating conditions. [8] reviews the
various trenchless technologies used for pipeline repair and replacement, with a focus on modern
remediation methods. The authors emphasize the reduced urban environmental impacts of trenchless
methods, but the study does not analyze secondary effects. In particular, changes in soil permeability
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can lead to land subsidence and localized increases in groundwater levels, which can have long-term
consequences for the stability of buildings and utility infrastructure. [9] provides a comparative
analysis of existing pipeline rehabilitation methods. However, this study does not include large-scale
field tests with long-term monitoring of the condition of the rehabilitated pipes. This may lead to
errors in predicting their operational durability since laboratory tests and theoretical models do not
always reflect real operating conditions. [10] compares conventional (excavation) and trenchless
technologies for the rehabilitation of sewer networks in terms of their carbon footprint. The study
shows that trenchless methods reduce CO:2 emissions by 59.2% compared to excavation. However,
the experimental data are derived from the example of the historical center of Brno, Czech Republic,
where the infrastructure and building materials may differ significantly from other regions.
Consequently, the results may vary in modern areas with different soil types, building densities, and
hydrogeological conditions. [11] presented an innovative approach to trenchless rehabilitation of
underground pipes using vacuum transfer molding of a resin combined with a fiberglass fabric blank.
However, fiberglass composites can lose mechanical properties at high temperatures and cracks may
appear in lower temperatures.

The considered studies make a significant contribution to the development of trenchless
pipeline rehabilitation technologies but the solutions they propose appear costly, labor-intensive, and
time-consuming making them unsuitable for the long-length exhausted pipelines of Karaganda sewer
networks. To overcome these shortcomings, this study considers the adoption of Cured-in-place pipe
(CIPP) technology [12] for trenchless rehabilitation. Since it enables pipeline restoration without
replacement while minimizing associated costs [13]. The CIPP is poorly examined in local conditions
due to its recency in the region. Therefore, this study aims to assess its performance for the long-
length sewer pipelines of Karaganda.

2. Methods

The study area is represented by 3 km of sewerage pipelines located in the residential zone of
Maikuduk in Karaganda, Kazakhstan, passing under the streets of Maylina, Orken, and Tsetkin.
Unfortunately, no archival data for the site survived, but it was assumed that the networks had already
operated for over 50 years. The study area was inspected according to [14]. The inspection aimed to
determine the types of pipes, their burial depth, dimensions, materials, and defects. Visual inspection
was performed by accessing sewer manholes. The instrumental inspection incorporated a Closed-
circuit television inspection (CCTV) [15], ultrasonic [16] and shock-pulse [17] methods. The cleaning
and washing of pipelines from the debris was performed mechanically and hydrodynamically under
pressure. The rehabilitation of pipelines was carried out by the trenchless method [18] using polymer-
composite CIPPs “Berolina-HF-Liner” [19] with wall thicknesses of 9.2 and 10.2 mm (Figure 1).

‘ ’ =5
a) Laying smooth film  b) CIPP lifting c) CIPP pulling d) CIPP inflating
Figure 1 — Installation of polymer-composite CIPPs
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Each CIPP was lifted through the manholes (Figure 1b) and pulled through the pipe to the
next manhole using a winch (Figure 1c). A smooth film was pre-laid to protect the CIPP against
damages (Figure 1a). The molding of CIPPs was conducted pneumatically (Figure 1d). The epoxy
resin adhesive was used to bond CIPPs with existing pipes. Curing of the adhesive was carried out
utilizing ultraviolet emission [20]. The hydraulic calculation of newly erected CIPPs were carried out
according to [21].

3. Results and Discussion

Inspection of the study area revealed they are gravity sewers and that their pipelines were
erected by 8 m pipes made of reinforced concrete according to [22] and embedded in depths of 3.5-
6.5 m from the ground surface corresponding to the elevations of 530-545.5 m above sea level.
Depending on the condition of the pipelines, some parts of the pipelines were rehabilitated with
trenchless CIPP, and the other parts with the excavation method (Figure 2).
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Figure 2 — Map of pipeline rehabilitation

Figure 2 above shows a rehabilitation map of pipelines, which are split into 4 sections and
colored differently, with lengths of 621.2, 1280.3, 716.7, and 220.0 meters, respectively, altogether
amounting to 2838.2 m, including 2618.2 m rehabilitated with the trenchless CIPP, and 220 m with
the excavation method. It also shows the inner and outer diameters of the pipes, which range from
0.8 to 1.2 m for the inner diameter, and from 1.0 to 1.4 for the outer diameter.
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Figure 2 below shows the results of instrumental inspection using the CCTV method.

gl g
-~

igure 2 — Pipelines condition before CIPP installation

As shown in Figure 4 above, the CCTV revealed and recorded distinct defects and debris in
pipelines, which indicate their extensive deterioration, reduction in sewage flow rate, and expectance
of failure. These issues include the cracking, splitting, and corrosion of pipe material, damage of
reinforcement up to 70%, displacement of joints leading to groundwater infiltration, presence of silt
and stagnations, coarse household wastes, and stones. The study revealed that the degree of
depreciation of sections No. 1-3 of pipelines amounted to 70%. Section No. 4 of the pipelines
encountered the worst damage with a deprecation degree of 100% indicating its unserviceability
leading to soon subsidence of land above. Therefore, for this section, a decision was made to replace
the pipes by excavation, which overcomes the [8] and [10] omissions.

The instrumental inspection by ultrasonic and shock-pulse methods revealed that the
reinforced concrete elements of inspected pipes correspond to the strength class of B7.5. This
indicates a fourfold loss of strength since it is supposed to be the class of B30 according to [22].

Figure 3 shows the reshoot images of CCTV representing the CIPP installation results after
the careful treatment (cleaning and washing) of existing pipelines.

Figure 3 — Pipelines condition after CIPP installation

Figure 3 above clearly demonstrates how much the pipes were transformed after the cleaning,
washing, and installation of CIPPs. It is possible to observe an increase in diameter, and consequently
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stabilization of sewage flow. The post-installation CCTV images clearly show a significant
improvement in the structural condition of the pipelines. The previously observed cracks, joint
misalignments, and obstructions were eliminated after the cleaning and CIPP installation. The
increase in pipeline smoothness is expected to enhance sewage flow and reduce the likelihood of
further debris accumulation.

Figure 4 below presents the results of a hydraulic calculation for CIPPs of different diameters
under sewage taking their 70%.
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Figure 4 — Results of flow rate estimates

According to Figure 4 above, for a 0.8 m diameter pipe, the flow rate is 462.2 liter/s with a
velocity of 1.24 m/s, for 1.0 m — 702.5 liter/s at 1.2 m/s, and 1.2 m — 967.2 liter/s at 1.14 m/s (710
liter/s and 1.2 m/s in average). A clear trend is observed: as the pipe diameter increases, the water
flow rate rises, while the flow velocity decreases. This is explained by the fact that a larger diameter
increases the cross-sectional area of the pipe, allowing a greater volume of water to pass through
while simultaneously reducing the flow velocity under the same hydraulic conditions. These results
suggest that the rehabilitated pipelines are better suited to handle peak flow conditions, minimizing
risks of overflows and blockages.

4. Conclusions

The CIPP trenchless method effectively rehabilitates deteriorated sewer pipelines with a
deprecation degree of up to 70%, restoring their structural integrity, improving sewage flow
conditions, and minimizing excavation activities.

Based on the experience in Karaganda, the study confirms the feasibility of CIPP for long-
length pipelines, providing a sustainable alternative to full pipeline replacement.

The hydraulic analysis demonstrates that rehabilitated pipelines with CIPP maintain sufficient
flow velocity for self-cleaning while increasing flow capacity, reducing the risk of blockages, and
improving long-term operational efficiency.

The study provides essential data on the types, materials, and condition of the 3 km sewer
pipeline section in Karaganda, addressing the lack of archival records and offering a comprehensive
assessment that supports future rehabilitation planning and maintenance strategies.
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Abstract. This study examines the behavior of frozen soils at a construction site in Astana, Kazakhstan. Field static
load tests (SLT) and dynamic load tests (DLT), were conducted using driven piles embedded in alluvial Quaternary
deposits overlying a 2.5 m permafrost layer. SLT results reveal settlements below 20 mm at a maximum load of
1400 kN, supporting a design capacity of 1167 kN after applying a safety factor of 1.2. Notably, creep behavior was
observed in the upper soil layers, and lateral displacement patterns indicate complex interactions within the frozen soil.
These findings highlight the need for further research into soil creep and lateral deformations in frozen environments.
Keywords: DLT, SLT, pile, frozen soils, soil creep.

1. Introduction

In cold climate construction applications, including Astana, Kazakhstan, pile foundations are
crucial in ensuring the stability of buildings and infrastructure [1]. However, frozen soils present a
complex geotechnical environment, subject to seasonal temperature fluctuations, frost heave, and
permafrost degradation, all of which can significantly impact the bearing capacity (BC) and long-
term durability of pile structures [2]. Previous studies [3] have shown that the strength of frozen
soils increases as temperature decreases due to the reduction of unfrozen water content and the
formation of ice bonds, while pile-soil interaction is governed by cohesion, internal friction, and
pile surface roughness. In the context of global warming and permafrost degradation, the risks of
excessive settlement [4] and reduced bearing capacity of pile foundations are increasing, as revealed
by studies in Arctic regions [5]. This highlights the need for continuing studies on pile behavior in
frozen soils.

[6] proposed a method and correction coefficient to determine the bearing capacity of piles
in various permafrost soil conditions (i.e., different soil temperatures) based on static loading test
(SLT) of piles installed in weak sites. However, the method was verified only in the loamy soils
with temperatures ranging between -0.1 and -0.6 °C to a depth of 7 m. Therefore, considering a
large possible variation of soil type and temperature ranges the method cannot be scaled widely,
highlighting the necessity of continuous studies. [7] proposed a technique to obtain the pile-bearing
capacity by testing it in a creep-relaxation regime in laboratory and field conditions on morainic
loams. They argue that the technique should work well for permafrost soils if the bearing capacity is
defined as the stabilized, relaxed pressure measured after a pile is loaded into the soil at a specific
subzero temperature, the soil is then heated to a certain level, and sufficient time is allowed for
pressure relaxation following unloading. Unfortunately, the authors did not provide evidence for
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their hypothesis, which suggests the need for further tests at various temperature regimes and soil
types. [8] conducted a series of accelerated SLTs of steel piles assuming their applicability for
permafrost soils. However, the authors themselves experienced the unsuitability of such tests for
permafrost soils due to their specific behavior. Because while such soils strengthen rapidly under
fast loading, they creep under slow loading.

While many efforts were made to derive unified methods in existing studies, they all agree
on the specificity of permafrost soils and their dissimilarity across sites, suggesting the need for
continuous studies of their behavior, as well as the impracticality of unified approaches. Therefore,
to broaden the knowledge and practice in this direction this study examines the permafrost soils in
the case of Astana, Kazakhstan. Hence, the study aims to investigate the behavior of permafrost
soils in a specific case and determine their bearing capacity by field tests and numerical analysis of
a pile-base system. The field tests included both SLT and dynamic loading tests (DLT).

2. Methods

The study area is represented by the construction site of the Central Mosque of Astana city,
Kazakhstan. According to the conducted survey [9], the site is located at the elevations of 348.33-
348.74 meters above the sea at a sharply continental climate characterized by long and cold winters
reaching -50 °C. The soil freezing depth in the region reaches 2.5 m on average. During the survey,
the groundwater was found at a depth of 3-3.6 m. The geological structure of the survey site
involves alluvial Quaternary deposits, including clay loams, medium-grained sands, gravelly sands,
and gravel soils, as well as eluvial Lower Carboniferous soils, represented by loamy peat, peat soils,
and stony soils (Table 1).

Table 1 — Properties of soil under natural/saturated state [9]

No.  Soiltype  Occurrence Thickness, Normative values (n) Estimated values based on:
depth, m m deformations (11) bearing capacity (1)
pn, Cn, ¢n° E E" pu, o1, @,°  p c, ¢,° Ro,
g/cm®  kPa MPa MPa g/lcm® kPa g/cm®  kPa kPa
la Loams 0-6.7 5.1-6.7 194 -/23 -/28 -16.5 - 192 -/15 -/27 191 -/11 -/26
1b Loams ' - 198 -/42 -/18 -/6 - 195 -/29 -/15 193 -21 -/13
2 Mediumsands 5.7-7.0 0.5-2.6 1.92 2 35 - 17 192 16 32 192 133 30
3 Gravellysands 4.5-9.0 1.0-6.5 1.92 1 38 - 357 192 038 35 192 067 33
4 Gravel soils 6.0-9.0 2.0-4.6 2 - - 23 18 - - - - - - 300
5 Loamypeat 10.7-120 0.7-16.0 2.06 80/44 22/30 12/9.5 20.9 2.05 64/30 20/27 2.04 53/21 19/25
6 Peat soils 11.0-235 0.5-145 2.2 - - - 364 - - - - - - 400
7  Stonysoils  17.0-26.0  1.0-2.0 2.4 - - - 364 - - - - - - 450

*Plate loading test

The field tests were conducted using 0.3x0.3x8 m driven piles on 26 February 2019. The
piles were installed with the Junttan PM-25 pile driving machine having a 7-ton hydraulic hammer,
simultaneously measuring the dynamic parameters, such as the number of blows and height of the
hammer per penetration depth. DLT was performed using 16 piles after their rest according to [10].
During testing, the falling height of the hammer’s impact part was recorded at 10 cm intervals over
the last meter of penetration, along with the number of hammer strikes required for each meter of
pile penetration. Since the number of piles tested in a similar soil condition was more than 6,
statistical processing of DLT results was performed according to [11]. When determining the
bearing capacity of piles, a safety factor of 1.4 was applied according to [10].

SLT was conducted according to [10] using 4 piles at the site’s weakest soils, incorporating
a testing setup (Figure 1) consisting of primary and secondary beams, a hydraulic jack, a
manometer, settlement gauges, and reinforced concrete blocks. The compressive load was subjected
vertically with steps of 140 kKN up to 1400 kN (design load accounting for the safety factor [12]).
The bearing capacity estimates here incorporated a safety factor of 1.2 in line with [10].
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Fiaure 1 — Testing setup for SLT

Additional analysis of the pile-base state and deformations was made by numerical
simulation of SLT using Plaxis 2D as in [13]. A Mohr-Coulomb elastoplastic model was used to
simulate the stress-strain state of the soil base. A linear elastic model was applied to simulate the
pile. The calculations were performed in an axisymmetric setup. The loading procedure was similar
to the field SLT.

3. Results and Discussion

Figure 2 demonstrates the change in dynamic parameters measured during the driving.
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Figure 2 — DLT results

While the dynamic parameters were measured for all 16 piles, Figure 2 above shows their
values for the most important ones, installed in the weak soils of the construction site, including the
piles numbered 4, 9, 13, and 14. Thus, it took around 280 blows to penetrate the piles to a depth of
7.5 m (Figure 2a). It can be observed from Figure 2b that the hammer-blowing intensity at 1 m
depth was 1.5 times higher than at the depths of 2-5 m. This can be explained by the fact that in
February when the piles were installed, the freezing depth of local soils may still reach 1-2 m.
Besides the upper layers of the soil-base of the site are comprised mostly of loams, which are rather
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saturated and prone to icing that may create additional friction on the lateral surface of piles.
Additionally, the hammer height stood steady in the depths of 1-5 m (Figure 2c), suggesting the
existence of creep behavior of the soils at these depths. These results complement the thoughts
about the omissions [8].

Table 2 below shows the results of DLT.

Table 2 — DLT results

Pile  Driving Hammer  Refusal of Re-driving Refusals of Individual value of ultimate ~ Bearing capacity

No. depth, m height, m driving, cm height, m re-driving, cm pile resistance, kN of piles, kN
1 7.3 60 0.36 0.40 0.34 903
2 7.5 60 0.53 0.50 0.36 986
3 7.1 60 0.40 0.40 0.27 1021
4 6.5 60 0.40 0.50 0.38 958
5 6.8 60 0.40 0.40 0.30 965
6 6.2 60 0.37 0.40 0.28 1001
7 6.7 60 0.38 0.40 0.22 1138
8 7.1 60 0.38 0.40 0.23 1111 960
9 7.5 60 0.50 0.40 0.23 1111
10 5.9 60 0.36 0.40 0.28 1001
11 5.9 60 0.36 0.50 0.40 932
12 6.2 60 0.42 0.40 0.27 1021
13 6.2 60 0.43 0.40 0.30 965
14 6.5 60 0.36 0.40 0.34 903
15 5.8 60 0.37 0.40 0.30 965
16 6.4 70 0.36 0.50 0.43 897

* Installed in weak soils of the site

DLT results presented in Table 2 above show that the piles were driven to depths ranging
from 5.8 to 7.5 m with a constant driving height of 60 m (70 m in one case) and they showed low
refusal rates (0.36 to 0.53 cm), while the re-driving heights were also stable at 0.40-0.50 m and
refusals of 0.22-0.43 cm. Individual ultimate resistance ranged from 897 kN to 1138 kN, while the
estimated by [10] bearing capacity of the piles was 960 kN. These trends reflect the heterogeneous
soil profile at the site, where upper alluvial deposits consisting of loams and medium-grained sands
with moderate density and lower strength are combined with underlying layers of gravelly sands
and gravel soils that provide higher friction angles and stiffness. Consequently, the behavior of the
composite soil is consistent with the results of the DLT.

Figure 3 below shows the SLT results.

Load, kN
200 400 600 800 1000 1200 1400 1600

Settlement, mm

Figure 3 — SLT results
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All four tested piles No.4, 9, 13, and 14 showed similar trends in their SLTs, with
settlement remaining minimal (often below 2 mm) at lower loads, then gradually increasing but still
staying under 10-11 mm at the maximum applied load of around 1400 kN, which is way below the
20 mm threshold mandated by [12]. This indicates that, although the shallow soil may include
permafrost to a depth of about 2.5 m, the deeper alluvial layers (loams, sands, and gravelly soils)
effectively limit overall deformation. Consequently, none of the piles exhibited signs of bearing
failure or excessive settlement, and each can safely be assigned a bearing capacity of 1167 kN,
derived by applying a 1.2 safety factor to the maximum test load of 1400 kN.

Figure 4 below shows the results of numerical simulations of SLT in Plaxis 2D.
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Figure 4 — Results of numerical simulations

The heatmaps from Figure 4 demonstrate that the simulation of SLT using a pile subjected
to the load of 1400 kN with steps of 140 kN resulted in both vertical and lateral displacements of
the soils to some extent. The values of displacements are reflected by the legend with gradient
colors from blue to red for the vertical (Figure 4a), and vice-versa for the horizontal displacements
(Figure 4b), corresponding to the positivity and negativity of the values, respectively. As is seen
from a failure pattern in Figure 4a, the loading process initiated the pulling of the part of the soil
base so that the closer it was to the pile the more its vertical displacement, suggesting the logical
behavior of such a process. Unlike the vertical one, the lateral displacement created two dissimilar
failure patterns. The pattern appeared close to the pile tip represented by a lateral movement, likely
due to the resting of the pile on hard soils. Another pattern, somewhere in the depths of 1-2 m took
a concave shape. This most likely is evidence of the creep behavior of soils due to permafrost at
those depths, which coincides with [8], suggesting the necessity for future work in this direction.
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Nevertheless, the highest values of vertical and horizontal displacements amounted to 15.17 mm
and 2.38 mm, respectively, which are lower than the threshold of 20 mm [12]. This advocates that
the bearing capacity of piles may be derived similarly to the field SLT using a safety factor of 1.2
and the highest load of 1400 kN, which results in 1167 kN as above.

4. Conclusions

The field tests demonstrate that the driven piles exhibit positive performance in frozen soils
at the construction site of Central Mosque in Astana, Kazakhstan, with settlements remaining
significantly below the 20 mm limit under a maximum load of 1400 kN. After applying a 1.2 safety
factor, a bearing capacity of 1167 kN is achieved.

Due to the inherent variability and unique characteristics of permafrost soils from site to site,
the findings of this study are pivotal in expanding our knowledge of frozen soil properties and
behavior.

Observations of creep behavior in the upper, partially frozen soils and emerging patterns of
lateral displacements underscore the complexity of soil-pile interactions in such environments.
Further investigations into soil creep and lateral displacement behavior are essential to optimize
foundation design and ensure long-term performance under variable temperature regimes.
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Abstract. The article presents the results of studies on forecasting the compressive strength and density of aerated ash
concrete. A theoretical review was conducted on the variability of strength and density of cellular concretes when selecting
their compositions. A series of experiments was conducted to study the dynamics of changes in the compressive strength
and density of non-autoclaved gas-ash concrete during the initial stages of hardening under natural conditions and after
thermal treatment to select a composition of the specified quality. It was revealed that it is possible to control both the
strength and the density at the early stages of hardening to forecast these parameters at the design age of 28 days. It was
established that the compressive strength of aerated ash concrete samples hardening under natural conditions increased by
an average of 42.62% at the design age compared to the strength at 7 days, while the density decreased on average by
19.19%. For aerated ash concrete samples that underwent thermal treatment (steaming), the increase in strength averaged
34.67%, and the decrease in density was 11.07%. The obtained results are of practical value for scientists and engineers
engaged in the development of cellular concrete compositions.

Keywords: cellular concrete, aerated concrete tests, ash and slag waste, compressive strength, density.

1. Introduction

The use of cellular concrete in construction, both in monolithic housing construction and for
the manufacture of individual products, does not lose its relevance, including due to several advantages
in contrast to other types of concrete and such a traditional material as ceramic brick [1], [2]. Cellular
concrete has excellent heat and sound insulation properties, and products made from it are easy to
process. At the same time, cellular concrete is more "capricious” when selecting a composition of a
certain specified quality. The structure formation of cellular concrete is influenced by such factors as
the type of raw material, the ratio between the components, the water-solid ratio (W/S), the type and
amount of foaming agent, the mode of heat and moisture treatment, and others [2].

The main standardized characteristics of cellular concrete are the concrete grade by average
density and the corresponding values of concrete classes by compressive strength [3]. Therefore, when
developing compositions for cellular concretes and blocks made from them, it is important to monitor
both the strength and density of the concrete [4].

Many studies are devoted to the development of cellular concrete compositions, both foam and
aerated concrete of autoclaved and non-autoclaved hardening, including the use of industrial waste.

In the work [5], the authors investigated the effect of a complex modifier based on graphene
oxide and lignosulfonate on the physical and mechanical properties of non-autoclaved aerated concrete,
such as compressive and flexural strength. Portland cement M500, sand, slaked construction carbonate-
lime flour, and aluminum powder were used as raw materials. It was found that the complex additive
of graphene oxide provides the greatest increase in compressive strength by 54% and flexural strength


https://doi.org/10.54355/tbus/5.1.2025.0074
https://technobius.kz/
mailto:o_rudenko_vkgtu@mail.ru
https://orcid.org/0000-0002-4633-6584
https://orcid.org/0000-0001-9783-5466
https://orcid.org/0009-0004-0172-4999
https://orcid.org/0000-0003-0322-7692
https://orcid.org/0009-0008-8471-9165
https://orcid.org/0000-0001-9688-4370

Technobius, 2025, 5(1), 0074

by 45%. The disadvantage of this study is that density control was not carried out.

The authors of the study [6] determined the effect of various components, such as the water-
cement ratio, NaOH content, polycarboxylate superplasticizer, aluminum powder, and calcium
stearate, on the strength and density of non-autoclaved aerated concrete based on sulfoaluminate
cement. The strength of the samples was determined at the ages of 7 and 28 days, and the density only
at the design age of 28 days. At the same time, the values of compressive strength at the age of 28 days
were consistently higher than the values of compressive strength at the age of 7 days for all the studied
components in different percentage ratios. The dynamics of density in samples with different curing
periods were not studied.

A literature review [7] examines the use of additives such as fly ash, crushed granulated blast-
furnace slag, and waste such as quarry dust, rubber particles, rice husk ash, plastic waste, glass powder,
and others on the properties of aerated and foam concrete. Their influence was assessed based on such
properties as workability, elastic modulus, compressive strength, flexural strength, and microstructural
characteristics. Unfortunately, the study missed the data on the dynamics of density for samples with
different curing periods.

The study [8] related to the selection of autoclaved cellular concrete compositions focused on
replacing part of the sand with waste from its production; there is also a lack of data on the dynamics
of changes in strength and density at different curing periods.

The work [9] was devoted to the selection and optimization of the composition of non-
autoclaved aerated concrete. The study compared the properties of autoclaved and non-autoclaved
aerated concrete with the introduction of metakaolinite, microsilica, and rice husk in the amount of 7%
into the mixture. The comparison was carried out according to compressive strength, flexural strength,
and splitting strength. The results of the study confirmed the classical patterns of strength gain for
autoclaved and non-autoclaved aerated concrete. For non-autoclaved concrete, there was a significant
increase in all types of strength from 7 to 180 days, while for autoclaved concrete, such an increase is
practically not observed. In this study, the humidity of samples at the age of 3, 7, 14, 21, 28, and 180
days was also determined. At the same time, the humidity of autoclaved aerated concrete remained
practically unchanged from 3 to 28 days and then decreased to 3...5% and became slightly lower than
that of non-autoclaved concrete. However, at the age of 3 days, it was 1.5 times lower than that of non-
autoclaved aerated concrete. This is due to the conditions of concrete hardening in an autoclave and
the end of the Portland cement hydration process, when water is chemically bound into calcium
hydrosilicates and other hydration products. The study also lacks data on monitoring the density of
samples at different hardening periods, which is important for the selection of cellular concrete
compositions when developing it with a given density. The solution to this problem will make a certain
contribution to scientists and engineers involved in the development of cellular concrete recipes and
would significantly save their time.

Our previous study [10] was devoted to experiments with aerated ash concrete. In continuation
of this initiative and considering the gaps in the existing studies, this study aims to investigate the
dynamics of changes in the strength and density of non-autoclaved aerated concrete.

To achieve the goal, the following tasks were solved:

1. To conduct a theoretical review of data on the variability of strength and density of cellular
concrete in the selection of their compositions, including the use of industrial waste.

2. To conduct an experiment to study the dynamics of strength and density of non-autoclave
curing aerated ash concrete to select the composition of a given quality.

2. Methods

The experiments were performed in cooperation with an enterprise of the East Kazakhstan
region, which specializes in the production of gas blocks according to [4]. The composition of aerated
ash concrete from which the samples were prepared in that enterprise was taken from [10] and
incorporated the following components: the ash-slag waste from the coal-fired thermal power plant in
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Ust-Kamenogorsk, East Kazakhstan region, was used as the main filler; Portland cement of grade SEM
I 52.5N served as the binder; aluminum powder of grade PAP-1, activated with caustic soda, was
employed as the pore-forming (gas-forming) agent. Figure 1 shows the experimental procedures.

Manufacturing Hardening Testing

Series 1 (18 Series 2 (13 Mode 1 for Mode 2 for Mode 1 for Mode 2 for
batches) batches) Series 1 Series 2 Series 1 Series 2
‘ I_ 28 days - ) ‘ ) ‘
—1 day - steaming normal Density at 1 and|] Density at 7 and
‘ conditions 28 daysof |p= 28 days of
curing curing
27 days -
N nczjr_rtnal Compressive Compressive
—concions |__strength at 1 and |_strength at 7 and
28 days of 28 days of
curing curing

Figure 1 — Experimental procedures

As shown in Figure 1 above, for predicting the strength and density of aerated ash concrete,
two series of batches were manufactured, cured in two modes, and tested for density and compressive
strength. Density was estimated following [11] based on moisture content, which was determined using
a moisture meter of MG4B brand (Figure 2a). Strength tests were carried out according to [12] on a
hydraulic press 2PG-10 with two ranges of gauges 0-5 tons and 0-10 tons (Figure 2Db).

a) Moisture content b) Compressive strength
Figure 2 — Determination of moisture content and compressive strength of aerated concrete

Each batch comprised 6 samples. Each sample was made in a cubic shape of 15x15x15 c¢cm in
size. After production, the samples were set in the air for 40-60 minutes at a temperature of 18-20°C.
Series 1 and 2 comprised 18 and 13 batches, respectively, so altogether, 186 samples were
manufactured, including 108 for series 1 and 78 for series 2. Each series was hardened at its mode of
curing. In mode 1, the samples of series 1 were cured for 1 day in steaming and 27 days in normal
conditions. The samples were steamed in a steaming chamber KUP-1 in the following mode:
temperature increase to the required parameters — within 60 minutes from 20 to 90 °C and humidity of
90%; steaming — within 6 hours at a temperature of 90 °C and humidity of 90%; cooling to 20 °C. After
that, half of the samples within each batch were tested (54 samples), and the rest were placed in normal
conditions in a KNT-120 chamber for further strength gain. In mode 2, the samples of series 2 were
cured for 28 days in normal conditions in the same chamber. Besides, half of them (39 samples) were
tested after 7 days of curing. After 28 days of curing, the samples from each mode (54 samples from
series 1 and 39 samples from series 2) were also tested.
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To predict the strength and density of aerated ash concrete, this study uses the Statistica 10
software package as in [13]. The software enabled the development of mathematical dependencies
between strength, density, and the values of increase in strength and decrease in the density of the
samples throughout the curing period.

3. Results and Discussion
The results of testing the samples of the first series are presented in Table 1 below.

Table 1 — Test results of the first series of samples

Batch  Additives Compressive Density, kg/m®  Increase in  Decrease Density Reduction
No. [10] strength, MPa strength, in density,  reduction, in density,
lday 28days 1lday 28days MPa kg/m?® % %
1 Zeolite 1.28 2.03 691 610 0.75 81 37.04 13.28
2 Zeolite 1.46 2.18 717 663 0.72 54 33.08 8.14
3 - 1.42 2.23 772 677 0.81 95 36.30 14.03
4 - 1.56 242 761 683 0.86 78 35.60 11.42
5 - 1.54 2.45 766 692 0.91 74 37.23 10.69
6 - 1.73 2.66 766 705 0.93 61 35.00 8.65
7 Anhydrite 1.92 2.83 785 712 0.91 73 32.23 10.25
8 Anhydrite 1.98 3.00 828 730 1.02 98 33.97 13.42
9 Gypsum 1.88 3.04 826 741 1.16 85 38.21 11.47
10 Fullerenol 2.03 3.12 817 748 1.09 69 34.94 9.22
11 Fullerenol 2.23 3.21 870 758 0.98 112 30.52 14.78
12 Fullerenol 2.19 3.46 856 778 1.27 78 36.72 10.07
13 Fullerenol 2.29 3.49 862 796 1.20 66 34.38 8.25
14 Quicklime 2.23 3.55 935 808 1.32 126 37.27 15.65
15 Quicklime 2.58 3.66 904 812 1.08 92 29.49 11.33
16 Quicklime 2.51 3.70 903 820 1.19 83 32.07 10.12
17 Quicklime 2.50 3.85 909 828 1.35 81 35.00 9.78
18 Quicklime 2.51 3.87 902 830 1.36 72 35.07 8.67

Table 1 above shows the values of compressive strength and density of the samples from 18
batches at the curing ages of 1 and 28 days. The table also shows the estimated values of the increase
in strength and decrease in density of the samples, along with their ratios. These tables show that
regardless of the composition of the ash concrete in batches, there is an increase in strength at the
design age of 28 days compared to the strength at the reference period of 1 day, as well as a decrease
in density. For visual analysis of changes in strength and density dynamics, a histogram of strength
increase and a density graph are plotted in Figure 3, a histogram of density change and a strength graph
in Figure 4, and a graph of the dependence of strength, density, and change in strength in Figure 5.
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Figure 3 — Histogram of strength increase and density plot
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Analysis of the obtained results showed that in samples that were subjected to heat treatment,
the strength at the design age of 28 days compared to the strength immediately after steaming (at the
age of 1 day) increased by an average of 34.67%. The minimum increase in strength was 29.49%, and
the compressive strength changed from 2.58 to 3.66 MPa. The maximum increase in strength was
37.23%, i.e., from 1.54 to 2.45 MPa in batch No. 5.

The increase in the strength of cellular concretes due to the use of various additives is consistent

with the previously conducted studies on the selection of compositions of non-autoclave concretes [5],
[6]. The slightly smaller increase in strength is due to the use of other additives.

At the same time, there was a decrease in density (Figure 4).
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Figure 4 - Histogram of density variation and strength plot

The density reduction in the samples after 28 days compared to the samples after steaming

averaged 11.07%. The minimum density reduction was 8.14% and amounted from 717 to 663 kg/cm?,
i.e., the density class of aerated ash concrete decreased from D750 to D700. The maximum density
reduction of 15.65% from 935 to 808 kg/cm? gave a reduction in density class from D950 to D850.

The obtained results on density reduction extend the previous studies on the selection of cellular

concrete compositions [5], [6], [8].

The results of predicting the strength and density of cellular ash concrete of the first series of

samples using the Statistica 10 software package are shown in Figure 5.

e \BuRE DATRBIIN

a) Graph of dependence of strength, density,

anfom WoRETRRY KNSWRQ

b) Graph of dependence of strength, density,
and strength increase and density reduction
Figure 5 — Dependency graphs for heat-treated aerated concrete
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Analysis of the obtained results showed that the increase in strength and decrease in density at
the design age of 28 days compared to the strength immediately after steaming (at the age of 1 day)
occurs evenly proportionally.

The average strength gain of 34.67% is quite consistent with previous studies that showed the
dynamics of increasing the strength of cellular concrete of non-autoclave hardening. The results on the
dynamics of density of cellular concretes of non-autoclave hardening (density decrease by 11.07% on
average) are new and expand the studies [5], [6], [7], [9].

The results of testing the samples of the second series are presented in Table 2 below.

Table 2 — Results of testing samples of the second series

Batch  Additives Compressive Density, kg/m? Increase in  Decrease in  Increase in  Reducing
No. [10] strength, MPa strength, density, strength, % density, %
7days 28days 7 days 28 days MPa kg/m?3

1 Zeolite 0.88 1.80 762 142.03 620 0.92 51.01 22.91
2 Zeolite 1.29 2.23 802 121.83 680 0.94 42.27 17.92
3 - 1.68 2.36 1082 241.37 841 0.68 28.70 28.70
4 - 1.18 2.37 871 180.94 690 1.19 50.12 26.24
5 Anhydrite 1.55 2.47 898 187.36 711 0.92 37.25 26.35
6 Anhydrite 1.53 2.89 1049 225.10 824 1.36 47.14 27.32
7 Fullerenol 1.76 2.89 1063 212.50 850 1.13 39.00 25.00
8 Fullerenol 1.94 3.09 945 166.74 778 1.15 37.31 21.43
9 Fullerenol 1.78 3.48 995 155.91 839 1.70 48.90 18.58
10  Quicklime 2.06 351 1026 224.63 801 1.45 41.35 28.04
11 Quicklime 2.03 3.67 982 168.21 814 1.64 44.69 20.66
12 Quicklime 2.35 4.45 1028 167.92 861 2.10 47.23 19.51
13 Quicklime 2.55 4.61 1090 192.04 898 2.06 44.76 21.38

Table 2 above shows the compressive strength and density values of samples from 13 batches
at the curing ages of 7 and 28 days. The table also shows the estimated values of the increase in strength
and decrease in density of the samples, along with their ratios. Just as in the first series of samples, the
test results of the second series presented in table 2 indicate that, regardless of the gas-ash concrete
composition, there is an increase in strength at the design age of 28 days compared to the strength at
the reference period of 7 day, as well as a decrease in density.

For visual analysis of changes in strength and density dynamics, a histogram of strength
increase and a density graph are plotted in Figure 6, a histogram of density change and a strength graph
in Figure 7, and a graph of the dependence of strength, density, and change in strength in Figure 8.

1000 5.00
900 - 4,50 I
800 400 S

& 700 350 £
~ (@)
2 600 300 5
2 500 250 @
€ 400 I 2.00 2
D [7e]
300 150 &

[oR

200 1.00 §
100 050 ©

0 0.00
1 2 3 4 5 6 7 8 9 10 11 12 13
= Strength at 7 days = Increase strength Density

Figure 6 — Strength change histogram and density graph

Analysis of the obtained results showed that in the samples that gained strength under natural
conditions, the strength at the design age of 28 days compared to the strength at the age of 7 days
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increased by an average of 42.62%. The minimum increase in strength was 37.44%, and the
compressive strength changed from 1.48 to 2.37 MPa. The maximum increase in strength was 48.90%,
i.e., from 1.78 to 3.48 MPa in batch No. 9.

Increasing the strength of cellular concretes through the use of various additives is consistent

with previous studies [5] and [6]. The slightly smaller increase in strength compared to [5] is due to
the use of other additives.

At the same time, there was a decrease in density (Figure 7).
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In the samples gaining strength under natural conditions, a decrease in density was also
observed. The decrease in density in the samples after 28 days compared to the samples at the age of 7
days averaged 19.19%. The minimum density decrease was 16.77% — from 968 to 829 kg/cm?, which
corresponds to a change in the density class of gas-reinforced concrete from D1000 to D850. The
maximum density reduction is 21.70% from 903 to 765 kg/cm?, i.e., from D950 to D80O.

The obtained results on density reduction also extend the previous studies on the selection of
cellular concrete compositions [5], [6], [7].

The results of predicting the strength and density of the cellular ash concrete of the second
series of samples using the Statistica 10 software package are shown in Figure 8.
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Figure 8 — Dependency graphs for aerated concrete hardened under normal conditions
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Analysis of the obtained results showed that as in series 1, the observed increase in strength and
decrease in density at the design age of 28 days compared to the strength at the age of 7 days during
the strength gain under natural conditions occurs evenly proportionally.

The average strength gain of 42.62% is quite consistent with previous studies that showed the
dynamics of increasing the strength of cellular concrete of non-autoclave hardening at the ages of 7
and 28 days. The results on the dynamics of density of cellular concrete of non-autoclave hardening at
the age of 7 and 28 days (density decrease by 19.19% on average) are new and expand the studies [5],

(61, [7]. [9].
4. Conclusions

This study proves that it is possible to predict both the compressive strength and the density of
ash concrete.

It was found that the strength at the design age increased by 34.67% compared to the strength
at the age of 1 day during heat treatment of samples and by 42.62% compared to the strength at the age
of 7 days without heat treatment of samples.

Changes in the density of aerated ash concrete at different hardening periods have been
established. It was revealed that the density at the design age decreased by 11.07% compared to the
density at the age of 1 day during heat treatment of samples and by 19.19% compared to the density at
the age of 7 days without heat treatment of samples.

The results obtained have practical significance for scientists and engineers involved in the
development of cellular concrete formulations.
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Abstract. The article is devoted to the study of using glass waste for ceramics and concretes production. The results of
the spectral analysis of glass composition are presented, and phase changes and their impact on the microstructure and
strength properties of ceramics and concrete are studied. Scanning electron microscopy and energy dispersive X-ray
spectroscopy of the final material are discussed. As a result, it was revealed that after 28 days, concrete with added glass
powder delayed the strength rise, but by day 112, the strength had considerably grown to 76.36 MPa. This results from
pozzolanic reactions, where calcium hydroxide and glass combine to generate more hydration products that boost strength.
Glass-based ceramic shows 13.20 MPa compressive strength, which satisfies construction material criteria, and was
achieved by adding glass waste at a level of 10% of the clay mass. In addition to lowering the demand for natural mineral
resources, the use of glass in ceramic blends promotes sustainable development and lessens the environmental load. Both
the ceramic and concrete samples had a high content of SiO; and Al,O3 oxides. These are the main components that
provide the material with high mechanical strength and chemical resistance. In the Spectral analysis of glass, in all the
graphs, we see a high tendency for silicon dioxide (silica). This is explained by the fact that SiO, belongs to the group of
glass-forming oxides, i.e., it is prone to the formation of supercooled melt-glass.

Keywords: production waste, concretes, ceramics, recycling, physical and mechanical properties.

1. Introduction

One of the top concerns for construction materials research is the development of efficient
thermal and structural insulation materials, which is a difficult procedure. It is worth noting that the
rational obtain of unprocessed materials and the full involvement of man-made waste in production
are paramount in this area. Experience both domestically and internationally demonstrates that one
of the most promising uses for industrial waste processing is the creation of construction materials,
which makes it possible to meet the need of developed countries for raw materials up to 40% [1].

The use of industrial wastes in concrete products has certain benefits [2]. The combined use
of fuel-containing waste and chemical compounds that prevent water evaporation can compensate for
the shrinkage deformation of monolithic concrete and increase its crack resistance [3].

[4] used waste containing saponite in the production of fine-grained concrete with high levels
of strength, frost resistance, and workability. In experimental models of vibrating reinforced concrete
columns, the type of technology used in [4] had a major impact on the physical, mechanical, and
structural features of concrete. According to [5], [6], the slag and fly ash are useful supplementary
materials for enhancing the qualities of cement-concrete. These works show that an increase in
cement consumption and the amount of filler in self-compacting concrete causes the concrete
mixture's viscosity to drop. They found that if the amount of filler exceeds 15% by weight of cement,
the viscosity is practically independent of cement consumption. Additional cementitious materials
(ACMs) such as fly ash, ground blast furnace slag, fumed silica, and metakaolin are being utilized
more frequently as binders for high-strength and high-performance concretes [7]. [8] created research
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and technical bases to produce and use the concrete based on ash-slag mixtures of thermal power
plants. They divided the ash and slag combination into a fine-grained fraction with slag passing
through a 5 mm sieve. Next, the fine-grained fraction, slag, cement, and mixing water are dosed in
the mixer individually based on the concrete's composition. It was discovered that this technological
advancement enables concrete to be strengthened by 20-30% while consuming 15.20% less cement
in the concrete production with the same strength. [9] attempted to fully substitute the coarse
aggregate with a broken concrete and a portion of a fine aggregate with crushed glass, obtaining
compositions replacing these aggregates by 20%, 25%, and 30%. The primary findings of this study
demonstrated that the maximum compressive strength, which considerably surpasses the strength of
concrete grade B35 and approaches the strength of concrete grade B40 and B45, is achieved when
glass is used as a fine aggregate replacing sand by 30%. This suggests that glass is suitable for use in
a variety of structures. In addition, they showed that strength growth does not occur linearly as the
amount of glass in concrete samples increases, but instead, the rate of strength growth slows down
with time. [10] developed a technology for producing high-strength concrete based on industrial and
household glass waste. Glass as a filler for concrete compositions usually reduces the strength of the
material due to the chemical interaction of glass and cement. Therefore, the researchers presented a
new approach to create composite glass concrete, crushing broken glass. Glass particles of about 50-
60 micrometers in size, obtained in a ball mill, were used as a filler. Glass was also used as a binder,
but crushed finer up to one micrometer. As a result of a series of experiments, they managed to
increase the strength of the glass concrete composition by 2.5 times.

Ceramic manufacturing is one of the industries that utilize the materials the most. The loss of
natural resources used as raw materials for the ceramic industry is a serious problem for this sector
of the economy and affects the price and quality of ceramic products. In this regard, [11] took into
consideration the possibilities of employing mine waste in the form of ultramafic rocks (wehrlites
and dunite) as an additive in the manufacturing of building ceramics. [12] investigated the prospect
of creating facing ceramics from the waste of the metallurgical and glass sectors. According to the
findings of the study, a batch of 40% clay and 60% cullet must be fired at 1050°C to produce
laboratory samples of facing ceramics having a density of 2064 kg/m?®, a compressive strength of
42.24 MPa, and closed-pore formation. The impact of partially replacing the basic mix of ceramic
floor tiles with waste urban glass is covered in [13]. Because of the high percentage of fluxing oxides
in the waste, which promotes the formation of the glassy phase, increasing the waste addition to 20%
results in an increase in linear shrinkage during firing, which subsequently gradually decreases to less
than 3%. Bulk density rises as temperature and waste addition percentage increase. Water absorption
diminishes as temperature and waste addition rise, with temperature having a greater impact than
waste addition. [14] considered the prospect of producing facing ceramics and clinker based on brick
clays utilizing large-tonnage waste glass products. The study selected a composite additive based on
glass waste as a salt mineralizer required for sintering the clay-glass batch. The crystalline and
amorphous phase is derived from sodium aluminosilicates. The X-ray phase analysis of the sintered
ceramic composition revealed the presence of approximately 40% glass phases, which are uniformly
distributed over the crystalline substance based on the composite's microphotography. [15] proposed
to utilize waste in the form of finely ground slag, which is added to the raw material mixture to create
wall ceramics that are stronger and have better thermal insulation properties. For wall-building
materials, including ceramics, thermal conductivity remains a pressing issue. Therefore, as one of the
particular solutions to this problem, the study suggested the use of porous ceramics in enclosing
structures. Thus, while burnable additives added to the clay mass of ceramic wall materials effectively
increase their porosity, they also control the firing temperature and encourage consistent sintering
[16]. To enhance the thermal characteristics of ceramic products, the initial batch is commonly
modified by incorporating a porous additive. For example, the use of a cullet clay - sodium hydroxide
system (in a clay-glass cullet component ratio of 50:50, sodium hydroxide 4-6%) and a 2% additive
of anthracite, limestone or a gas-forming agent allows expanding the scope of application of glass-
ceramics as a structural heat-insulating material [17], [18], [19]. [20] studied the chemical
composition of various wastes applicable to partially replace natural components in ceramics. The
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waste from galvanic manufacture is a paste-like material with a moisture content of 65-85% and a
density of 11601240 kg/m®. The sludge's composition and moisture content determine whether or
not it can be used in a ceramic charge. The characteristics of ceramic products are mostly influenced
by the bulk content of calcium carbonate in the sludge. In this regard, [21], [22] studied the effect of
galvanic slurries on ceramic materials. They revealed on test samples that as the sludge content
increases above 9%, substances such as calcium carbonate and iron oxides increase, which leads to
an increase in the melt and intensive sintering of the shard. Thus, the introduction of up to 9% galvanic
sludge into the batch helps preserve the porous structure and can be used as an additive for ceramic
materials used in construction. To create ceramics, [23] proposed compositions based on red clay,
including cullet and waste from the pulp and paper industries. The study showed that when burnt at
1050 °C and 1100 °C, ceramic materials based on cullet and additives from the pulp and paper sector
showed superior mechanical and physical qualities than materials made entirely of clay. [24] supports
the possibility of using large-scale, widely distributed scrap brick waste produced when replacing
outdated brickwork or crushing waste to increase the raw material base for the production of ceramic
bricks with good mechanical and physical qualities as well as a low thermal conductivity coefficient.
They investigated the effect of waste on the technological characteristics of clayey raw materials.
[25] proposed the addition of red or bauxite mud to clay. They showed that bricks made only of clay
have a lower compressive strength than bricks made with 50% red mud added to clay and sintering
at 950°C for an hour. Eventually, they obtained a clayey material with compressive strength of 52.54
MPa, water absorption of 21%, and linear shrinkage of 0.46%. [26] made in-depth research of the
sludge from titanium and ilmenite pigment manufacturing. They concluded that leftover brick wastes
can be used as a technogenic raw material to manufacture ceramic bricks. Ceramic stone, made with
the addition of crushed brick powder, is characterized by fairly high mechanical strength and is graded
M100 and M150, which meets the regulatory requirements of [27]. The optimal content of crushed
broken ceramic bricks is 10-30 wt. %. When it increases to more than 30 wt. %, the compressive
strength is significantly reduced, and the samples' water absorption rate increases, and when its
content decreases to less than 10 wt. %, properties remain virtually unchanged [28]. [29] performed
X-ray diffraction (XRD) of glass, and differential thermal analysis (DTA) and scanning electron
microscopy (SEM) of samples containing 10-15% glass, obtaining an improvement in mechanical
and thermal properties but a deterioration in the appearance of samples containing 25% or more glass.

Previous studies showed numerous possibilities of using waste for various purposes.
However, the constant increase of industrial waste in the world suggests the need for further
improvements in this direction. Besides, the large amounts of silicon oxide found in glass can react
with calcium hydroxide in concrete to produce an alkali-silicate reaction that reduces the material's
durability. If the proportions of adding glass powder are not correctly selected, a decrease in the
strength and frost resistance of ceramic and concrete products can be observed. Due to the addition
of glass to the composition of building materials, new technological processes are added, including
grinding, heat treatment, etc., and accordingly, they require significant costs. The lack of knowledge
in the aforementioned aspects suggests that it is necessary to continue research, improving the
composition and properties of the final material, and develop more effective methods incorporating
glass waste for concrete and ceramic production. To overcome these issues and to make further
attempts to utilize the waste and supplement the existing knowledge, this study aims to study the
potential of glass wastes for concretes and ceramics.

2. Methods

Concrete and ceramic samples were prepared in laboratory conditions incorporating glass as
an industrial waste.

The mixture for the concrete samples was prepared according to [30] using M400-graded
cement from Heidelberg [31], sand and gravel from a quarry deposit 15 km from Astana, tap water,
and glass. The sand was cleaned of foreign matter and sieved through a 0.63 mm sieve. It was
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dehydrated in a drying chamber at a temperature of 100 °C. The gravel was washed thoroughly to
remove various impurities and dried in similar conditions. The glass was taken from the remains of
bottles crushed to a size of 1-2 mm and turned into powder (Figure 1a). The chemical composition of
the powder glass was preliminarily revealed by XRD spectral analysis using a 5EDX9000B
spectrometer [32]. Chemical element concentrations were assessed in relation to reference samples.
Table 1 below shows the composition of the prepared concrete mixtures.

Table 1 — Composition of concrete samples, %

No. Cement Sand Gravel Water Glass waste
1 10.20 23.49 50.02 9.16 7.12
2 10.20 20.43 50.02 9.16 10.18
3 10.2 17.42 50.02 9.16 13.2
4 10.2 14.51 50.02 9.16 16.11
5 10.2 10.73 50.02 9.16 19.89

The concrete samples were prepared in 10x10x10 cm cubic forms (Figure 2b) and were kept
for 28 and 112 days, after which tests were carried out for compressive strength according to [33].

a) Crushed glass Figure 2 — Concrete samples
Figure 1 — Preparation of concrete samples

The mixture for the ceramic samples was prepared using the crushed bottle glass as above and
clay from a quarry deposit owned by the SG Brick factory [34] in Astana. The selected clay belongs
to the group of medium-dispersed clays and is technologically characterized as moderately plastic
and insensitive to drying and firing processes. The clay was preliminarily crushed using a jaw crusher
before being mixed with glass powder. Several compositions of clay-glass mixtures were prepared
with a glass fraction of 5%, 10%, 15%, and 25%. The ceramic samples were molded in a cylindrical
shape with a diameter of 5 cm and a height of 10 cm. The samples were placed in a drying chamber
and fired in a kiln at 1000-1200 °C, according to [35]. After that, the samples were tested for
compressive strength according to [36] (Figure 2).

kN 005.456 |Gl
MPa 0013.14

GCONTROLS

Figure 2 — Ceramic sample tested for compressive strength
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Next, we selected the crushed particles of both concrete and ceramic samples and subjected
them to SEM likewise [29] using a Hitachi TM4000PIus microscope in magnifications ranging from
25 to 2000 times to examine the microstructural characteristics of materials. The research on phase
distribution and the characteristics of the concrete surface received the most attention. SEM analysis
assisted in determining the surface's morphology and structure; the existence of cracks and other
flaws, which can impact the strength and resistance to additional impacts; and the size and distribution
of the materials particles. Additionally, we conducted an energy-dispersive spectroscopy (EDS) to
reveal the composition of the concrete and ceramic materials measured in mass and atomic fractions
of each element detected. This analysis helped identify the main chemical elements and see how they
are distributed across the material at different points, and how the material looks from the inside at
different magnifications.

3. Results and Discussion

The test results of the glass spectroscopy showed a high tendency of silicon dioxide (silica).
Most of the types of glass mentioned in the literature contain significant amounts of SiO2 (>70%).
This is explained by the fact that SiO belongs to the group of glass-forming oxides, and it is prone
to the formation of supercooled melt-glass. The glass with such a percentage of SiO2 has high
strength, hardness, heat resistance, and chemical inertness. Thus, the chemical composition of glass
relative to cement is presented in Table 2.

Table 2 — Chemical composition of glass relative to cement, %
Na,O MgO A|203 SiOz SOs3 Cl K,0 CaO Ti02 Fe,O3
0.136 0.61 2.4981 90.124  0.0401  0.0028  0.1674  12.7689  0.1418  1.0772

Table 2 above shows that the glass contains a significant amount of silica. High SiO- content
usually ensures high chemical inertness and thermal stability of the material. As noted in [37], AL.Os
and CaO play a key role in the closure of hydrate phases in the cement paste. The presence of Al.Os
(about 4.3%) can ensure the formation of additional aluminate phases that increase early strength. A
small amount of alkali oxides (Na.O, K20) can, on the one hand, hinder hydration and, on the other
hand, increase the risk of alkali-acid filling reaction. However, in this case, their content is relatively
small.

Figure 3 shows spectra of glass compared to cement.
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Figure 3 — Spectra of glass compared to cement

The high SiO: content in glass (around 70%) promotes a pozzolanic reaction when interacting
with the cement matrix, which can lead to improved mechanical properties of concrete due to the
additional formation of cement compounds [38]. High CaO content in cement promotes intensive
hydration, which ensures the formation of a strong cement matrix. A slight decrease in CaO (our 62%
compared to 64-66% in the literature) can slow down hydration reactions and affect early strength
gain [39]. The lowest CI content may indicate high chemical purity. Chlorine is usually added to glass
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as a flux to improve fusibility and remove gas bubbles during melting. The presence of 2.5% Al.Os
in the glass composition shows improved mechanical and thermal properties of the glass.

The compressive strength of concrete was 20.50 MPa after 28 days, but after 112 days, it was
76.36 MPa. The maximum compressive strength in this concrete is achieved by using glass as a fine
aggregate instead of sand at 20% replacement, while in [9], it reached 30%. Several studies suggest
that a longer curing time is beneficial for strength growth and that a higher specific surface area of
recycled and broken glass may lead to a bigger increase in compressive strength [37]. Because the
"alkali-silicate reaction” is negligible and may even result in a decrease in strength because of the
initial weak bond between the glass and the cement matrix, adding glass powder to concrete can slow
down the strength gain process in the early stages while simultaneously contributing to an increase
in strength later on. Due to the hydration of cement, concrete becomes stronger over time, and the
effect is enhanced in later stages when glass particles containing amorphous silica are present. This
helps to generate other hydration products, including hydrated calcium silicates (C-S-H), which boost
strength. Pozzolanic reaction: Glass acts as a pozzolanic additive since it is an amorphous substance
with a high silica content. This indicates that it can generate more C-S-H gels by interacting with
calcium hydroxide that is released during cement hydration.

The compressive strength of the ceramic material was 13.14 MPa. This was achieved with the
addition of glass in the amount of 15% of the total mass of clay. Since the typical strength values for
wall materials are between 10 and 15 MPa, a result of 13.14 MPa might suggest reduced porosity and
efficient compaction. Ceramic materials with a strength of 13.14 MPa are used as heat-insulating
blocks, decorative wall panels, cladding for buildings, and load-bearing walls.

To make the material more appealing for a range of climates, thorough research must be
carried out to ascertain its resilience to cold, durability, and aggressive environment behavior.

Figure 4 shows concrete’s microstructure analysis report by Scanning electron microscope.

TM4000 15kV 10.8mm X25 BSE M 11/04/202 4 ' ! 2 TM4000 15kV 1

a a) Magnlﬁcatlon of 25x

B pr ; . ",
8mm X200 BSE M 11/04/2024 TMA4000 15kV 10.8mm X2.00k Mix /0 20.0pm

b) Magnification of 200x d) Magnlﬁcation of 2000x
Figure 4 — Micrograph of concrete material surface

The above microphotograph of the concrete surface at different magnifications allows us to
see the structure of the material. Individual particle detection, measurement, and analysis were made
feasible by the capacity to extend to various sizes: a) The material's heterogeneity and porosity are
demonstrated by 1 mm-sized particles. b) A more intricate structure is seen here, with individual filler
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and cement matrix grains ranging in size from 50 to 200 microns. c¢) Particles range in size from 5 to
50 microns, and hydration products are apparent. d) The hydrated calcium silicate phases that give
C-S-H gel its mechanical strength are apparent as crystalline structures with particle sizes ranging
from 1 to 5 microns.

Compared to classic concrete, capillary pores can reach several micrometers, while in concrete
with glass their number and size are reduced. This is confirmed by studies where glass acts as a
microfiller, reducing porosity [40]. The area between the filler and the cement paste is usually more
porous and vulnerable to moisture and ion penetration, and the addition of glass can result in a more
even distribution of fine particles in the cement matrix [41]. The use of glass as an additive to the
concrete mix has a positive effect on its microstructure. Compared to classic concrete, concrete with
glass has a denser structure of cement stone, reduced capillary porosity, and potentially higher
strength and durability. However, it is necessary to take into account the possible alkali-silicate
reaction with an excessive amount of alkaline components, therefore, it is necessary to observe the
optimal proportions of the glass additive to eliminate negative effects.

Figure 5 illustrates various elements found in the concrete with the peaks in the spectrum.
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Figure 5 — Energy dispersion spectrum of concrete by elements

Based on the EDS results above, the percentage of elements found in concrete are as follows:
O — 38.04%, Mg — 1.51%, Al — 6.95%, Si —11.35%, S — 1.6%, Ca — 37.04%, Fe — 2.59%, and Cu —
0.92%. The oxygen is the primary ingredient of concrete's oxides and silicates. It contributes to the
creation of oxide compounds (silicates and aluminosilicates), which make up the majority of
concrete's structure and provide it with stability, mechanical strength, and water resistance. The
primary ingredient in cement is calcium, which also helps to generate calcium hydrates (C-S-H) and
portlandite (Ca (OH) 2), which give concrete its resilience. Because magnesia compounds are formed,
magnesium has an impact on frost resistance. Iron, copper, sulfur, and aluminum all speed up the
cement's hardening process and offer resistance against chemical impacts.

The element distribution map in Figure 6 shows how the elements are distributed in the
concrete, with each color representing a different element: O, Mg, Si, Fe, Al, and C.
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Figure 6 — Energy dispersive spectroscopy elements iicat n olors

Table 3 provides information about the chemical composition of concrete by oxides.

Table 3 — Oxide chemical composition in concrete, %
MgO Al,0; SiO, SOs Ca0O FeO
10.17 13.66 33.07 1.96 29.71 4.40

The decrease in CaO (29.71%) compared to conventional concrete (60-67%) confirms the
presence of pozzolanic materials such as glass. The increased content of Al.Os (13.66%) improves
the thermal resistance of concrete, it exceeds the values of the classic composition of concrete on
Portland cement (4-8%). MgO (10.17%) in this composition is also higher (1-5%), which affects
swelling and shrinkage. SiO: is the main component of the pozzolanic reaction, which increases the
density of the cement stone structure [40].

Figure 7 shows micrographs of deep (BSE) and mixed (Mix) surfaces of ceramic material
burned at 1000 °C with 15% waste addition, in 4 different magnifications.

v.

L
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b) Magnification of 1000x d) Magnification of 2000x
Figure 7 — Micrograph of ceramic material surface
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In Figure 7a, particles are large, angular, and ranging in size from 500 microns to 1 mm. In
Figure 7b, particles range in size from 1 micron to 50 microns with fine grains and thin lamellar
formations. In Figure 7c, particle size varies from 50 microns to 100 microns. We see a porous
structure and heterogeneity in the distribution of the material. In Figure 7d, particles range in size
from 0.5 microns to 20 microns. Here, we can see fine structures, microcracks, and areas of dense
particle accumulation. Sizes from 0.5 microns to 1 mm affect its mechanical properties, such as
strength and resistance to external influences.

It can be assumed that the appearance of microcracks and pores is associated with the addition
of glass components, which leads to a change in the structure of the material during sintering.
Probably, glass helps to reduce porosity and increase the strength of the material.

Comparing the obtained results with other studies, it can be noted that the addition of glass
components similarly affected the microstructure of ceramic materials in the works of other authors
[14]. With an increase in the cullet content from 0% to 10%, water absorption decreased from 15.67%
to 15.10%, porosity decreased from 28.77% to 28.29%, and the maximum strength of 31.68 MPa was
achieved with a cullet content of 7.5%, which is associated with the formation of a glassy phase filling
the pores and microcracks in the ceramic structure. Studies conducted using spectral analysis also
showed a decrease in porosity and an improvement in mechanical properties with the addition of a
glass phase [42].

The sintered body displays the liquid phase as a result of the glass waste melting, which closes
holes and reduces porosity, reducing water absorption and enhancing the mechanical properties of
fired samples [43].

Mapping the surface of the ceramic sample is in view at Figure 8.

sem |l 10 B8 A B « A

Figure 8 — Energy dispersive spectroscopy elements are indicated in colors

The elements of the ceramic sample presented on the map with magnification 4000x are
highlighted in different colors, and we also see the designation of each element in a specific color.
The predominance of green, blue and pink colors is evident, which corresponds to the high O, Al, Si
content. We see this in the table below.

Table 4 shows the chemical composition of ceramic material by elements.
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Table 4 — Element-by-element composition of ceramic material, %
0 Na Mg Al Si K Ti Fe
46.03 1.01 0.51 12.83 21.54 2.85 11.62 3.61

In Table 4 above, the high Si (21.54) and Al (12.83) content confirms the presence of the main
ceramic phases, such as quartz and alumina, which is consistent with the data presented in many
studies. The presence of K and Na in small quantities (2.85% and 1.01%, respectively) promotes
sintering and the formation of a glassy phase. This improves the structural integrity of the material
and facilitates the production process. Similar observations are given in works on the optimization of
the composition of ceramic mixtures [44]. This ratio is important for ensuring the thermal stability
and strength of ceramic products. The Ti percentage of 11.62% may suggest the presence of phases
that boost the material's strength. Research suggests that some titanium-containing phases might aid
in enhancing mechanical properties. More study is necessary to determine whether much titanium
might lead to the production of undesirable pollutants. Although the Fe level is quite modest (3.61%),
its presence can influence the final product's color and, in some situations, aid in the production of
particular crystalline phases. According to the research, even trace levels of iron can alter ceramics'
mechanical and optical properties [42].

Table 5 shows the chemical composition of ceramic material by oxides.

Table 5 — Oxide chemical composition of ceramic material, %
MgO Al;O3 SiO, K20 TiO> FeO Na0O
0.77 22.14 42.09 3.14 17.70 4.24 1.24

As can be seen from Table 5 above, the next oxides are responsible for the strength
characteristics: Al,O3, SiO2, TiO2, SiO2, Al:Os, and Na.O. Aluminum provides mechanical strength
and chemical resistance, especially at high temperatures, and silicon indicates resistance to acids.
Titanium and iron oxide improve the corrosion properties of the material, and potassium oxide
chemical resistance. The presence of alkaline oxides (K20, Na2O) and MgO in small concentrations
allows the reduction of the baking temperature, improves the process of glassy phase formation, and
increases the illumination of the finished product [45].

4. Conclusions

The study's findings support the potential applications of cullet in the manufacturing of
concrete and ceramic construction materials. The implementation of these technologies not only
lessens the environmental impact of waste disposal but also enhances the end goods' performance
attributes. However, the following crucial factors must be considered for successful industrial
implementation:

1. Taking into consideration the existence of cullet, technological parameters for hardening
concrete and firing ceramic goods are adjusted.

2. Production cost estimation that accounts for the substitution of glass waste for conventional
raw materials.

3. Carrying out experimental studies at already-existing businesses to evaluate the true
properties of materials.

4. Develop a scheme for the delivery of glass waste to building materials manufacturers,
calculate all costs associated with transportation, etc.

4. 1t is necessary to develop appropriate technological schemes for the production of ceramic
and concrete products using waste glass for various purposes.

5. Conduct experiments to define mechanical load resistance, moisture resistance, and frost
resistance.

6. Try mixing glass waste with other industrial waste in certain proportions and see their effect
on the properties of ceramic and concrete materials.
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Abstract. This article presents the results of a study on the structural and chemical properties of silica fume and fly ash
from local plants, focusing on their potential as mineral additives in self-compacting concrete. Scanning electron
microscopy (SEM) and X-ray fluorescence (XRF) analysis were used to investigate particle morphology, microstructure,
and elemental composition. Silica fume was characterized by a high SiO- content (>75%), spherical particle morphology,
and a smooth surface, which promotes the formation of a dense cement matrix. Fly ash exhibited a complex chemical
composition dominated by SiO: and Al-Os oxides, with spherical particles and surface roughness enhancing adhesion to
the cement paste. The results demonstrated that the combined use of silica fume and fly ash has the potential to improve
concrete workability, increase strength, reduce the water-cement ratio, and enhance durability due to microstructure
densification. Partial cement replacement with these additives may not only optimize concrete performance but also
reduce the environmental footprint of cement production. The findings highlight the efficiency of silica fume and fly ash
as pozzolanic components for developing high-performance and sustainable self-compacting concrete.

Keywords: silica fume, fly ash, self-compacting concrete, mineral additives, pozzolanic materials, physical properties,
microstructure, durability, sustainable construction.

1. Introduction

Cement production is accompanied by high CO: emissions, accounting for about 6-8% of
global anthropogenic greenhouse gas emissions [1]. In addition, concrete mixtures often face
problems of increased water consumption, shrinkage, porosity, and insufficient durability, especially
under conditions of exposure to moisture and freeze-thaw [2]. The solution to these problems may be
the partial replacement of cement with secondary cementitious materials such as silica fume and fly
ash, which can improve the density, strength and rheological properties of cement compositions, as
well as reduce the negative impact on the environment [3-4]. The combined application of cement,
silica fume, and fly ash can significantly enhance the properties of self-compacting concrete while
reducing cement consumption. Silica fume, due to its pozzolanic activity and tiny particle size,
promotes and enhances the cohesion and strength of the concrete [5]. Fly ash, having the ability to
fill pores and enhance the granulometric composition, promotes reduced water consumption in the
mixture and increases its plasticity. By reducing cement consumption when using these mineral
additives, CO: emissions are reduced during production, and general properties are improved, such
as strength, shrinkage resistance, durability, and resistance to aggressive environments [6-7].

Numerous studies have shown that the application of silica fume and fly ash has a significant
effect on the microstructure and properties of concrete. [9] found that the combined application of
these additives enhances compressive and bending strength, as well as the microstructure of cement
stone. At the same time, [10] confirmed similar results, noting a synergistic effect associated with
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increasing the packing density and pozzolanic activity of cement. Studies by [11] have shown that
the application of fly ash and silica fume increases concrete's resistance to aggressive media, reducing
permeability and improving its microstructure. Using machine learning techniques to analyze additive
compositions [12] could accurately predict concrete strength, emphasizing optimizing their content.

In addition, the binary additive systems studied by [13] contribute to reducing the water-
cement ratio, improving rheological properties, and increasing strength. The effect of fly ash on the
micro- and macro-level properties of concrete was investigated by [14], who noted the uniform
distribution of aggregate and reduction of microcracks.

[15] confirmed that using fly ash and silica fume increases the strength of concrete, especially
in high-performance compositions. [16] emphasized the importance of these additives to increase the
resistance of concrete to chloride penetration and its durability. These achievements are supported by
the conclusions of [17], who demonstrated that using fly ash and silica fume additives in combination
with reinforcement with plastic fibers enhances fiber adhesion to the matrix and reduces concrete
shrinkage.

A study by [18] showed that various substrate hardening modes with fly ash and silica fume
additives contribute to high strength, even during wet hardening. [19] confirmed that the combination
of fly ash and silica fume reduces the sensitivity of concrete to hardening conditions and provides
high strength even under unfavorable care conditions.

[20] studied the substrate’s resistance to chloride corrosion. They showed that using fly ash
and silica fume reduces the permeability of concrete, significantly increasing its durability. These
results highlight the prospects of using pozzolan additives to modify concrete properties.

Based on the analysis of existing studies, it has been established that the properties of region-
specific mineral additives, such as silica fume produced by Tau-Ken Temir LLP and fly ash from
Pavlodar CHP, remain insufficiently studied. There is a lack of comprehensive data on their effect on
the properties of self-compacting concrete, particularly regarding their influence on rheology,
hydration processes, microstructure formation, and durability. Therefore, this research aims to fill
this gap by investigating the effect of silica fume and fly ash on the properties of self-compacting
concrete, including its mechanical characteristics, microstructure, and durability.

The primary purpose of the study is to develop approaches for partially replacing cement in
concrete mixtures with these locally produced mineral additives to enhance both the environmental
sustainability and performance of concrete. The objectives of the work include determining the
optimal dosages of silica fume and fly ash, evaluating their influence on the rheological, strength, and
durability properties of concrete, and analyzing microstructural changes associated with their use.

2. Methods

As a reactive pozzolanic additive, we used silica fume MKU-95, produced by «Tau-Ken
Temiry LLP (Karaganda, Kazakhstan), corresponding to [21]. The physical and chemical properties
of silica fume were assessed based on the provided technical documentation of «QAZAQ INNOTEC»
LLP and verified using standard laboratory techniques where necessary.

To modify the cement mortar, we used fly ash obtained at the Pavlodar CHP. Fly ash is a by-
product of coal combustion and has pozzolan properties, which allows it to be used as an active
mineral additive in cement systems [22]. Its chemical composition includes a high percentage of silica
fume (SiO2), which enhances the durability and mechanical properties of the cement mortar [23].

For experimental analysis, samples of silica fume and fly ash were analyzed in their raw state
without incorporating them into cement pastes or mortars using scanning electron microscopy (SEM)
and X-ray fluorescence (XRF). To determine the elemental composition of the material, an energy-
dispersive X-ray spectroscopy (EDS) analysis was conducted. The primary focus was to evaluate
their physical, chemical, and microstructural properties. For SEM and XRF analysis, a small amount
of finely ground silica fume and fly ash samples were prepared by sieving with a 200-mesh to obtain
a powder with a particle size of 74 microns (um) (i.e., 0.074 mm). The microstructure of the materials
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during SEM was analyzed using a Jeol JCM-7000 scanning electron microscope (Japan). The XRF
analysis was carried out using a NEX CG |1 Series energy-dispersive X-ray fluorescence (EDXRF)
spectrometer to determine the elemental composition of the material.

3. Results and Discussion
Table 1 presents the chemical composition of silica fume and fly ash.

Table 1 — Chemical composition of silica fume and fly ash

Material Chemical composition element (o, mass %)
C ) Al Si Ca Fe
Silica fume - 48.77 - 51.23 - -
Fly ash 18.4 48.3 7.6 18 5 6.4

Table 1 shows that the chemical composition of silica fume consists primarily of silicon (Si)
and oxygen (O), with mass fractions of 51.23% and 48.77%, respectively. This composition confirms
the high purity of silica fume, which is mainly composed of silicon dioxide (SiOz). The dominance
of SiO: in silica fume is known to contribute to pozzolanic reactions in cementitious systems,
enhancing concrete's overall durability and mechanical performance [24]. The chemical composition
of fly ash contains multiple elements, including oxygen (48.3%), carbon (18.4%), silicon (18%),
aluminum (7.6%), calcium (5%), and iron (6.4%). The presence of silicon and aluminum oxides
indicates the pozzolanic nature of fly ash, which can react with calcium hydroxide in cement to form
additional binding compounds, improving the long-term strength and durability of concrete [25]. The
presence of carbon in fly ash suggests a certain level of unburned residue, which may influence its
performance in cementitious mixtures [26].

Figures 1 and 2 below show the results of the SEM analysis of the silica fume.

30kV. X1,000 10pm 1151 SEI 30kV X500 50pm 11 51 SEI 30kV X350  50pum 11 51 SEI

a) Magnification of x1000 b) Magnification of X500 c¢) Magnification of X350
Figure 1 — Microstructure of silica fume from SEM

1 5um 1 5um
a) Image of silica fume b) Carbon (C) c¢) Aluminum (Al)
particles
Figure 2 — Elemental mapping characterization of silica fume
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SEM images at x1000 magnification (Figure 1a) demonstrate that silica fume particles are
predominantly spherical, which is characteristic of materials formed during the condensation of silica
oxide vapors. The particle size ranges from approximately 100 nm to 1-2 um, indicating a high degree
of dispersion and homogeneity. The images in Figures 1b and 1c at lower magnifications (x500 and
x350) reveal that individual particles tend to form agglomerates of various sizes due to interparticle
forces, such as van der Waals interactions [27]. These agglomerates significantly exceed the size of
individual particles, which should be considered when using silica fume in cementitious materials.
Additional dispersion techniques may be required to ensure uniform particle distribution within the
cement matrix. Higher magnification SEM images indicate that the surface of silica fume particles is
smooth, with minimal defects. This smooth surface enhances particle adhesion to the cement matrix,
which is expected to influence the mechanical properties of concrete composites positively. Elemental
mapping performed on silica fume samples in Figure 2 confirms the uniform distribution of silicon
and oxygen, with no visible impurities. The observed spherical morphology and fine particle size are
consistent with the results reported by [28], who emphasized the role of silica fume in enhancing
particle packing and reducing porosity in cement composites. The tendency for agglomeration was
also noted in the work of [29], highlighting the need for proper dispersion methods when
incorporating silica fume into concrete.

Figures 3 and 4 below show the results of the SEM analysis of the fly ash, with Figure 4
demonstrating the concentration of individual elements of fly ash at the micro level, where color
gradients reflect the intensity of the presence of a particular element.

v . 7 - ~5um 11 51 SEI /“30kv x1,000  10pm . 1151 sén
a) Magnification of x5000 b) Magnification of x3000 c¢) Magnification of x1000
Figure 3 — Microstructure of fly ash from SEM

1 10pm 1 10pum

a) Image of fly ash b) Carbon (C) ¢) Oxygen (O)
1 10pum — 10pum 1 10pm

d) Aluminum (Al) e) Silicon (Si) f) Calcium (Ca)

Figure 4 — Elemental mapping characterization of fly ash
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Figure 3a, which demonstrates SEM images at x5000 magnification, shows that fly ash
particles predominantly have a spherical or near-spherical shape, which is typical for materials
obtained from high-temperature combustion processes. The particle sizes vary from approximately
0.5 to 10 um. Certain particles exhibit rough or irregular surfaces with small, embedded inclusions,
indicative of the heterogeneous chemical nature of fly ash. These inclusions are likely associated with
the presence of silica, alumina, and iron oxides, which may provide additional pozzolanic and binding
properties. SEM image at x1000 magnification (Figure 3c) shows that fly ash particles tend to form
agglomerates, reaching sizes up to 20 um. This agglomeration is attributed to physicochemical
interactions between the particles. As with silica fume, the agglomeration may require additional
dispersion measures during concrete preparation to ensure uniform particle distribution. The spherical
shape of fly ash particles aligns with the findings of [30] and [31], who noted that this morphology
improves workability and reduces water demand in concrete.

Figure 5 below shows the results of the XRF analysis of silica fume.
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Figure 5 — XRF spectrum of silica fume

XRF analysis from Figure 5 confirmed that silica fume is characterized by a high content of
silicon dioxide (SiO2), which is consistent with its standard chemical composition. The XRF spectrum
clearly shows a dominant SiKa peak, indicating that SiO. accounts for more than 75% of the
material’s composition, almost coinciding with [32]. The presence of the oxygen (OKa) peak further
confirms that silica is in oxide form, which reflects the high purity of the material. The XRF data also
revealed an absence or minimal presence of other elements, indicating a low level of impurities. This
confirms the high quality of the silica fume, making it a particularly valuable pozzolanic material for
high-performance concrete and cement composites. The high SiO: content is a key factor contributing
to the pozzolanic activity of silica fume, enabling it to effectively interact with calcium hydroxide
(Ca(OH)2), which forms during cement hydration. This interaction results in the formation of
additional calcium silicate hydrates (C-S-H), leading to the densification of the cement matrix and
improvement in the mechanical strength and durability of concrete, as noted in [33]. Based on the
XRF analysis, silica fume from the Tau-Ken Temir plant can be classified as a high-purity pozzolanic
material suitable for applications in high-strength and self-compacting concrete, providing improved
strength, reduced permeability, and enhanced durability.

Figure 6 below shows the results of the XRF analysis of fly ash.
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Figure 6 — XRF spectrum of fly ash

As shown in Figure 6 above, the XRF analysis of fly ash allowed for the determination of its
elemental composition and confirmed the presence of the primary oxides responsible for the
material’s pozzolanic activity. The XRF spectrum reveals the presence of strong SiKa and AlKa
peaks, indicating a high content of silicon dioxide (SiO2) and aluminum oxide (Al2Os), which form
the primary matrix of fly ash. These oxides play a crucial role in the pozzolanic reactivity of the
material, contributing to the strength and durability of cementitious composites [34]. The XRF
spectrum also shows the presence of oxygen (OKa), confirming that the detected elements are present
in oxide form. A calcium (CaKa) peak was recorded, indicating the presence of calcium oxide (CaO),
which can participate in hydration reactions, improving the binding properties of fly ash. Iron peaks
(FeKa and FeLa) were detected as well, corresponding to iron oxides (Fe:0s), which can influence
the density, color, and certain physicochemical characteristics of the material. Additionally, trace
amounts of potassium (Ka) and titanium (TiKa) were observed, indicating the complex chemical
composition of fly ash. Although their concentrations are low, these elements may still indirectly
affect the reactivity and performance of fly ash in cement systems. The XRF results demonstrate that
fly ash is a multi-component oxide material with a high content of SiO2 and Al:Os, confirming its
suitability as a pozzolanic additive in cement and concrete. The presence of CaO and Fe:0s suggests
that the material can actively participate in cement hydration processes, while its pozzolanic
properties contribute to improving strength and durability. These findings support the use of fly ash
from the Pavlodar CHP to partially replace cement or use it as an active mineral additive in concrete,
especially in alkaline environments. Earlier, in a study by [35], it was found that fly ash formed during
the combustion of coal in thermal power plants contains significant amounts of silicon SiO- and
aluminum ALOs oxides, which make up the bulk of its chemical composition. Besides, iron Fe.Os
and calcium CaO oxides are present in smaller amounts. Our results correspond to these data,
confirming that the investigated fly ash has the acceptable properties required for pozzolan materials.

4. Conclusions

The study revealed key patterns in the behavior and properties of silica fume and fly ash as
mineral additives for self-compacting concrete.

1. XRF analysis confirmed the high content of SiO: in silica fume (over 75%), which
determines its pronounced pozzolanic activity. SEM images demonstrated that silica fume particles
have a spherical shape, smooth surface, and a tendency to form agglomerates. The high dispersion
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and purity of silica fume ensure its effective interaction with calcium hydroxide during hydration,
which contributes to the densification of the cement matrix and an increase in strength and durability.

2. XRF analysis of fly ash showed that its composition is dominated by SiO2 and Al-Os oxides,
which are responsible for its pozzolanic properties. SEM analysis confirmed that fly ash particles are
predominantly spherical, with surface roughness and occasional agglomerates, characteristic of
materials obtained from high-temperature coal combustion. The complex surface morphology of fly
ash promotes adhesion to the cement matrix, improving the microstructure and mechanical properties
of concrete.

3. The combined use of silica fume and fly ash allows for optimizing the composition of self-
compacting concrete mixtures. Their simultaneous application contributes to reducing the water-
cement ratio, increasing compressive and flexural strength, and enhancing resistance to aggressive
environments. The synergy between the high dispersion of silica fume and the pozzolanic activity of
fly ash leads to improved hydration processes and denser structure formation, which is especially
important in the development of high-performance self-compacting concretes.

4. The results confirm the potential of silica fume and fly ash as effective mineral additives
for the production of self-compacting concrete. Their partial replacement of cement not only
improves the operational properties of concrete but also reduces its environmental impact, supporting
the transition to more sustainable construction practices.

The findings of this study can serve as a basis for developing new high-performance concrete
composites with improved strength, durability, and resistance to aggressive environments.
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