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Cellular concrete is this study’s object with emphasis
on the formation and evolution of its internal structure.

Currently, there is an issue related to the insuffi-
cient quantity and quality of tools for assessing the
nature of building materials’ structure. This does not
allow the concept of controlled structure formation to
be fully applied. The results reported here confirm that
artificial composite materials in the design process fol-
low stages that have the characteristics of open systems.
They are capable of self-organization and are sensitive
to external energy influences, which is reflected in the
change in the nature of the structure.

The use of fractal and information dimensionalities
as quantitative indicators of the nature of the materi-
al structure has been proposed. The influence of water
content and acoustic activation parameters on the
change in structural characteristics was investigated on
physical models in the form of water-clay suspensions,
justified as analogs of cement slurry.

The effect of acoustic activation on the properties of
Joam concrete was established: at a frequency of 12 kHz,
the compressive strength was 1.8 MPa, while at a fre-
quency of (22 kHz,) the strength decreased to 0.5-0.7 MPa,
and the humidity increased to 34-35%, which indicates
destabilization of the structure. Changes in the degree of
order and complexity of the structure were quantitatively
recorded using fractal and information dimensionalities.

The results are attributed to the technology of man-
ufacturing cellular concretes, in particular foam con-
crete, in which the use of acoustic activation at the early
stages of structure formation makes it possible to con-
trol the structure of the material and its physical and
mechanical properties. The proposed approach could
be integrated into industrial technological schemes pro-
vided that stable parameters of acoustic influence are
ensured; it does not require significant changes to stan-
dard equipment

Keywords: open system, cement slurry, building
material, cellular concrete, acoustic activation
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1. Introduction

In modern building materials science, an approach is in-
creasingly being formed according to which the operational
properties of materials are determined primarily by their
internal structure. Even with the same composition and
technology, materials can differ in physical, mechanical, and
functional characteristics.

The geometry and topology of the solid phase (especially
in porous materials), pores, internal interface surfaces (IIS)
of phases, cracks, etc. have a direct impact on the physical,
mechanical, and functional properties of building materi-
als. The formation of this structure occurs as a result of the
interaction of a sequence of cause-and-effect processes.

At the early stages of the structure formation of ma-
terials based on mineral binders, processes with signs of
chaos are observed. Modern research shows that initial
chaos is an inherent property of open nonlinear systems
and a necessary condition for the transition to an ordered
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state. Such a transition is realized through self-organiza-
tion mechanisms.

A typical example is the hardening process of cement
stone. After mixing cement with water, a highly concentrated
suspension in a disordered state is formed. During the hydra-
tion process, new reaction products are formed, the volume of
which increases with time, and the system gradually acquires
signs of an ordered structure. Presumably, this transition
corresponds to the interval between the beginning and com-
pletion of cement hardening.

This view of structure formation is consistent with the
philosophical triad “chaos-theos-cosmos”. In the technologi-
cal interpretation, chaos corresponds to the initial disordered
state of the system, theos - to the controlling influence of
the technologist, and cosmos - to the formed structure of the
material with predicted properties.

Controlling the transition from a chaotic to an ordered
state is possible if there are quantitative tools for describing
the structure. Conventional indicators, such as porosity,




density, or strength, give an integral assessment, but do not
reflect the organization of structural elements. In this con-
text, the use of fractal geometry and information approaches
is promising.

Fractal and information dimensionalities allow us to
quantitatively assess the degree of complexity and orderliness
of the structure and sensitively respond to changes in the con-
ditions of material formation. Their use creates the possibility
of analyzing the effectiveness of external energy influences
from the standpoint of the concept of controlled chaos.

Acoustic activation garners special attention as a type of
external excitation that is relatively simple to implement and
can influence the rheology of mixtures, the rate of hydra-
tion, as well as the nature of the material structure. This is
especially true for cellular concretes in which the structure is
formed in the early stages of hardening.

2. Literature review and problem statement

The physical and mechanical properties of building ma-
terials are determined not only by their composition but pri-
marily by the features of the internal structure. The structure
that is formed during hydration and subsequent hardening
of cement stone determines the porosity, strength, crack re-
sistance, and other operational characteristics of materials.
Papers [1, 2] report the results of studies on the role of the
structure of cement stone in the formation of the physical
and mechanical properties of materials. It is shown that it is
the nature of the structure that determines the operational
indicators. However, the issues related to the quantitative
description of the geometry and order of the structure remain
unresolved, which limits the possibilities of purposeful con-
trol of its formation.

In fundamental works [3, 4], the concept of self-organiza-
tion in non-equilibrium systems was formulated and elaborat-
ed. These studies show that the structure of composite materi-
als arises as a result of the interaction of many processes that
occur under conditions far from equilibrium. This opens up
the possibility of purposeful control of structure formation —
by changing the parameters of the environment or applied
energy influences, which, in turn, makes it possible to regulate
the properties of the material. At the same time, these papers
are of a general theoretical nature and do not take into account
the specificity of cement compositions. The reason for this is
mainly the general theoretical nature of the studies, as well as
the objective difficulties associated with transferring the provi-
sions of the theory of self-organization to complex multiphase
cement systems. This complicates the direct use of the results
in the technology of building materials.

In the context of building materials, this is manifested, for
example, in the processes of cement hydration. The formation
of hydrated phases, and primarily C-S-H, occurs as a sequence
of interconnected microprocesses under non-equilibrium con-
ditions, which leads to the emergence of a spatially inhomoge-
neous, but structurally stable microsystem [5, 6]. However, the
influence of external energy actions on the change in this mor-
phology is not analyzed. In study [7], it is shown that changing
the composition and hardening conditions allows for partial
control over hydration processes. Thus, the above works show
the possibility of partial influence on structure formation by
changing the composition and hardening conditions. How-
ever, the issue of controlling the structure by external energy
influences remains practically unexplored, which may be due

to the complexity of the experimental implementation of such
influences and the lack of adequate quantitative criteria for
assessing structural changes.

In papers [8, 9] it is shown that the formation of the struc-
ture during the hardening of cement stone has the features
of an open nonlinear dynamic system, in which external en-
ergy influences are able to modulate the course of structure
formation. Such behavior is consistent with modern ideas
about self-organization and multilevel evolution of C-S-H-
gel, which is confirmed in [10]. This creates grounds for the
application of the concept of controlled chaos [11], according
to which the partial non-equilibrium of the system plays a
constructive role in the processes of structure formation. Re-
cent studies show that changes in the local ordering of the gel
significantly affect the macroscopic properties of composite
materials, which makes it advisable to combine conceptual
models with quantitative approaches to structural analysis.

Among the external excitations capable of modifying the
course of self-organization, acoustic activation has garnered
special attention. Modern studies demonstrate that sound
and ultrasonic vibrations affect not only the hydration and
dispersion of particles but also the kinetics of structure
formation, cavitation processes, agglomeration, and micro-
pore structure [12, 13]. As a result, the frequency modes of
acoustic influence are considered as a tool for controlling
the processes of structure formation, which opens the way
to the implementation of the concept of controlled chaos in
building materials technologies. For example, in paper [14]
it is shown that resonant modes or those close to them cause
qualitative changes in the structure of the system due to the
intensification of cavitation processes. However, in most of
the studies cited, the emphasis is on changing the integral
properties of the material, while the quantitative analysis
of structural parameters is practically absent. This does not
make it possible to establish a cause-and-effect relationship
between the parameters of acoustic influence and the nature
of structure formation.

For quantitative analysis of the nature of the structure
of composite materials, the apparatus of fractal geometry is
increasingly used in modern research. Fractal dimension-
ality (D) is a statistical indicator that assesses the degree of
filling of space with structural formations and in some cases
correlates with mechanical properties, density, capillary
porosity, and other characteristics [15, 16]. An additional in-
dicator is the information dimensionality (D;), which is used
to assess the degree of orderliness of the structure from the
standpoint of information theory. In work [17], information
dimensionality is used to analyze the spatial distribution of
structural elements, but without considering its sensitivity
to external influences. In [18, 19], the possibility of using in-
formation indicators to describe self-organization processes
is shown; however, these approaches are mainly descriptive
in nature and are not focused on the analysis of controlled
structural changes.

Despite the informativeness of fractal and information di-
mensionalities, in most of the cited works they are used mainly
for describing the structure and are almost not used as a tool
for analyzing the purposeful formation of material properties.

At the same time, these indicators have not yet been wide-
ly used for analyzing the nature of the structure of cellular
concretes. Although they are especially valuable in analyzing
the structure of materials with a high degree of heterogeneity,
such as cellular concrete, where the chaotic distribution of
pores, aggregates and compaction zones requires a complex



description [20]. In [21], data on the relationship between the
fractal dimensionality of the microstructure of cement com-
posite materials and their mechanical properties are summa-
rized. However, the analysis is mainly of an overview nature
and does not take into account the influence of technological
parameters of structure formation, which is important for
the development of controlled approaches. In studies [22, 23],
a relationship between fractal characteristics and humidity
and other physical and mechanical properties of building ma-
terials was established but the results are mainly of a descrip-
tive nature and do not consider the possibility of controlling
the structure formation process.

Thus, available studies confirm the informativeness of
fractal dimensionality but do not solve the problem of pur-
poseful formation of the structure of the material.

In paper [24], the hypothesis was put forward that the
properties of cellular concretes are determined by the nature
of the solid phase distribution. Further development of this
idea in studies [25, 26] is associated with the introduction of
internal interface surfaces as structural parameters. How-
ever, the question of the influence of external activation on
these parameters remains open.

All this gives grounds to argue that it is advisable to
conduct a study to quantitatively analyze the influence of
acoustic excitations on the nature of the structure formation
of cellular concretes using fractal and information criteria.

3. The aim and objectives of the study

The aim of our study is to establish regularities in the
influence of acoustic excitation on the nature of structure
formation in cellular concrete based on the analysis of fractal
and information parameters of the structure. This will provide
an opportunity to scientifically substantiate approaches to con-
trolling the structure and physical and mechanical properties
of cellular concretes at the early stages of their formation.

To achieve this aim, the following objectives were accom-
plished:

- to investigate the influence of water content and acous-
tic excitation parameters on the fractal characteristics of the
structure of physical models — analogs of cement stone;

- to determine the change in the fractal and information
dimensionalities of the structure depending on the porosity
of model materials;

- to establish the influence of acoustic activation on the
strength and moisture content of foam concrete.

4. The study materials and methods

The object of our study is cellular concrete and its struc-
ture. The principal hypothesis assumes that external acoustic
excitations are able to change the nature of the structure of
the material, which can be quantitatively recorded using
fractal and information dimensionalities. The study assumes
the possibility of using water-clay suspensions as physical
analogs of cement slurry, and uses simplifications related to
the geometry of pores and conditions of external influence.

As raw materials in experimental work on the produc-
tion of foam concrete, the following were used: Portland
cement M500, quartz filler, foaming agent, and water. Clay
was used to produce physical models of various analogs of
composite building materials.

When solving scientific problems, the method of analo-
gies is sometimes quite effective. The study of the influence
of acoustic influences on the nature of the change in the
nature of the structure of the solid component was carried
out on physical models. As a material for the manufacture
of models, a water-clay suspension with a water-clay ratio
of 0.8; 1.0; 1.2 was used. In this case, the analogy is that both
during cement hydration and during drying of materials,
volumetric changes occur in the direction of their reduction,
which leads to a change in the nature of the solid phase.

After preparing the water-clay suspension, it was placed
in PVC molds with a diameter of 150 mm; the height of the
mortar mixture was 10 mm. The manufactured models were
left indoors at a temperature of 20-25°C. Free water was
removed from the models naturally. After the first signs of
cracks appeared on the surface, one part of the models was
placed in an acoustic chamber where acoustic activation
was carried out for 10 minutes with specified sound param-
eters (oscillation frequency » = 100, 200, 300, and 400 Hz).
This procedure was repeated twice every 12 hours. The other
part of the models was not activated (control samples). The
samples were kept in air until the nature of the structure
visually changed. After that, photofixation was carried out.
Photofixation was carried out using a digital camera at a
fixed distance from the model, and with a fixed image reso-
lution. The photographs of the structures were uploaded to a
specially developed program that calculated the quantitative
indicators of fractal and information dimensionalities. To
construct graphical dependences, the arithmetic mean of
3 measurements was calculated.

In another experiment, the influence of water demand
and porosity on the nature of the model structure was also
studied on models in which the analog of the mortar mixture
was a water-clay suspension. For this purpose, pore simula-
tors were formed in the water-clay suspension using plastic
inserts in the shape of a circle. After the models reached a
certain strength, the simulators were removed and voids were
formed in their places. The models were kept under natural
conditions in the laboratory at an ambient temperature of 23
+ 2°C until completely dry. The nature of the model structure
was also recorded using a camera. The restrictions adopted
were as follows: pores of the same size, spherical in shape,
cubic packing.

It is known that in the initial period of the emergence of
the “foam concrete” system, the system is in an unbalanced
state. During this period, it is very sensitive to any external
energy influences. Therefore, at the next stage, the influence
of acoustic energy on the change in the strength and humidi-
ty of foam concrete was studied.

For this purpose, foam concrete was prepared in the
following sequence. First, a mixture of dry components was
prepared, consisting of 60% Portland cement M500 and 40%
carbonate filler (ground limestone-shell rock). Then, techni-
cal foam was added to the solution mixture, with an average
density of 50 + 5 kg/m?3, to obtain a foam concrete mixture
with an average density of 780 * 10 kg/m3. The molds with
the foam concrete mixture were placed in an acoustic cham-
ber. Speakers were installed in the acoustic chamber, and
with their help, from a CD player, the foam concrete mixture
was exposed to acoustic energy of different oscillation fre-
quencies for 60 minutes. The hardened samples were kept in
a normal hardening chamber before testing.

Elements of fractal geometry were used to quantitatively
assess the nature of the structure. Unlike conventional charac-



teristics of the quality of materials, which are evaluated through
physical and technical properties (porosity, density, strength,
etc.), fractal parameters make it possible to describe the struc-
ture as a system consisting of elements ordered according to the
principles of scale and self-similarity. That is why this device is
especially useful for analyzing composite materials based on
cement systems, in which the processes of structure formation
occur under non-equilibrium conditions and are characterized
by stochastic behavior.

A common quantitative criterion is the fractal dimension-
ality, which reflects the degree of filling of space with struc-
tural elements. In the case, for example, of cellular concrete,
it characterizes the degree of filling with the solid phase. The
value of D varies from 1 to 2 for surfaces and from 2 to 3 for
volumetric formations. An increase in fractal dimensionality
indicates the formation of a denser, more developed structure
with a high area of phase interface surfaces. On the contrary,
a decrease in D reflects a simplification of the structure, an
increase in the size of elements or a decrease in the number of
bonds in the system.

The second important parameter is the information di-
mensionality, which is related to the degree of order of the
structure from the standpoint of information theory [27].
Whereas fractal dimensionality describes geometric com-
plexity, the information dimensionality characterizes the
features of the distribution of structural elements in space
and their entropic properties. For building materials, the in-
formation dimensionality can be an indicator of the stability
of self-organization processes.

Fractal characteristics are sensitive to external influenc-
es (acoustic, mechanical, temperature), which are able to
change the spatial configuration of the solid and gas phases.
Therefore, fractal analysis can be considered as a tool for quan-
titative control of self-organization processes in systems where
non-equilibrium physicochemical transformations occur.

In this work, fractal and information dimensionalities are
used as the main quantitative parameters for assessing the
structure of physical models and cellular concrete. That has
made it possible to track the influence of the water-clay ratio,
porosity, and acoustic activation on the nature of the self-or-
ganization of the solid and gas phases, which is a necessary
condition for implementing the concept of controlled chaos in
the technology of building materials.

5. Results of investigating structural changes in
cellular concrete under the influence of acoustic
excitation

5.1. Influence of water content and acoustic exci-
tation parameters on the characteristics of the struc-
ture of physical models

Fig. 1 shows a fragment (at a vibration frequency during
acoustic activation of 100 Hz) of photofixation of the final
structures of water-clay models of cement stone analogs. Sim-
ilar structures were processed after activation at a frequency
of 100, 200, 300, and 400 Hz. In addition, as Fig. 1 demon-
strates, the water-clay ratio was changed.

Based on the results of the quantitative assessment of the
fractal and information dimensionalities, graphical depen-
dences were constructed. Fig. 2 shows a graphical interpre-
tation of the experimentally derived dependences of fractal
dimensionality on the frequency of acoustic vibrations for
models with different water-clay ratios.

Each plot shows the dependences for samples to which
activation was not applied (control), as well as activated ones.
The regression equation and the level of approximation are
also given. The dependences have a different nature for each
value of W/CL

100 Hz
W/CI=0.8 W/CI=1.0 W/CI=1.2
Control | Activated | Control | Activated | Control | Activated

Fig. 1. Photofixation of model structures
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5.2. Changes in the fractal and information dimen-
sionalities of the structure depending on the porosity
of model materials

At the next stage, the influence of the water-clay ratio
on the change in the nature of the structure of the porous



material at different porosity values was de- 23.19% 27.8% 33.39% 40% 45%
termined. Photofixation of the models are
shown in Fig. 3.

After processing the results, graphical
dependences of fractal and information di-
mensionalities on porosity and water-clay
ratio were constructed, which are shown
in Fig. 4-6.

The graphical dependences in Fig. 4-6
reflect the change in fractal and information
dimensionalities of the structure of model pe
porous materials in a wide range of porosity
and water-clay ratio. The results make it pos-
sible to trace the differences in the behavior of s
these parameters for the solid and gas phases
at different values of W/CL. Fig. 3. Photo fixation of models of porous materials after dehydration
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5.3. Determining the influence of acoustic activa-
tion on the strength and humidity of foam concrete

At the final stage of the study, the influence of acoustic
activation of the foam concrete mixture on the compressive
strength and change in humidity of foam concrete was deter-
mined. The results are given in Table 1 and in Fig. 7, 8.

Table 1
Results of the experiment

Max. oscillation | Mean density, | Moisture Strength, MPa:
frequency, Hz kg/m? content, % | On day 14 | On day 28
0 (control) 620 28.1 1.0 1.4
12000 620 28.1 1.2 1.8
22000 600 33.8 0.6 0.7
2
1.8
1.6
i 1.4
=12
ED 1
g 0.8
©» 0.6
0.4
0.2
0
0, (Control) 12000 22000
Frequency of oscillations
H [4-th Day ®28-th Day
Fig. 7. Effect of acoustic activation on the strength of foam concrete
40
35
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Moisture, %
—_ —_ [\ [\
(9] o W o W

0, (Control) 12000 22000
Frequency of oscillations

[«)

Fig. 8. Effect of acoustic activation on the moisture content of

foam concrete

In order to assess whether the tasks set have been com-
pleted and the goal achieved, the reported results of the exper-
imental studies require detailed analysis and interpretation.

6. Discussion of the results of study of structural
changes in cellular concrete under the influence of
acoustic excitation

The experimental results (Fig. 2-6) indicate that the na-
ture of the structure formation of models and foam concrete
significantly depends on the water-clay ratio and acoustic

activation parameters. Changes in fractal and information
dimensionalities reflect the restructuring of the spatial orga-
nization of the solid and gas phases. This is due to a change in
the conditions of the course of self-organization processes in
an open non-equilibrium system, primarily the ratio of solid
and liquid phases and the parameters of acoustic excitation.
Considering the graphical dependences shown in Fig. 2, it
can be seen that at a low ratio (W / Cl = 0.8) the structure of
the models has the clearest dependence of the fractal dimen-

sionality on the oscillation frequency, which may indicate a

fairly good order of the structure. In control samples, with an

increase in the oscillation frequency, the fractal dimension-
ality also increases. At the same time, a slight decrease in
fractal dimensionality occurs in activated samples.

At an average ratio (W / Cl = 1.0), the structure also re-
sponds to oscillations (Fig. 2, b). It is worth noting the
rather high coefficient of determination for activated
samples — 0.99. Again, we note that in control samples
this indicator is rather low.

At the maximum water-clay ratio (W /Cl=1.2),
from the same coefficient of determination, we can con-
clude that the process of structure organization becomes
difficult to predict for both types of samples.

The graphical dependences in Fig. 2 show that acous-
tic activation leads to a decrease in fractal dimensional-
ity. In most cases, activated samples demonstrate higher
stability and predictability of the dependence of fractal
dimensionality on frequency (high R? values).

The experimental results confirm that activation and
water-clay ratio are quite influential factors that deter-
mine the fractal properties of the structure of water-clay
suspension. It is important that to obtain the most predict-
able structure; there are optimal values of water-clay ra-
tio (W / C1 = 1.0). Excess water (W / Cl = 1.2) sharply re-
duces the stability of the structure even during activation.

The results represented in the form of graphical
dependences in Fig. 4-6 make it possible to assess the
change in the nature of the structure in terms of fractal
and information dimensionalities. Further, the analysis
is carried out according to the results of calculations on
black and white areas (Fig. 3). Black areas characterize
the solid phase, i.e., interpore partitions, white - gas
phase, directly the nature of porosity.

Black areas. In all ranges of W / Cl the fractal dimen-
sionality of black areas either decreases or changes very
weakly with increasing porosity. The most stable de-
crease in fractal dimensionality was observed at the low-
est W / Cl = 0.30 with a very high correlation (R? = 0.99).
The information dimensionality of black areas constant-
ly decreases in all ranges of W / CL.

White areas. For white areas, a clear increase in
fractal dimensionality is observed with increasing po-

rosity. This increase is most pronounced at W / Cl = 0.30

and 0.36 (R? = 0.83-0.97). The information dimensionality of

white areas also increases at all W / Cl, especially noticeably
at W/ Cl = 0.33 and 0.36, which indicates a certain ordering
of structures.

Influence of W / CI on the behavior of the structure.

At a water-clay ratio of 0.3, the dependences have a fairly

high correlation. With an increase in the amount of wa-

ter (W / Cl = 0.33), the behavior of black areas becomes less
predictable (the correlation for information dimensionality
decreases), while white areas retain a stable relationship with
porosity. At high W / C1 (0.36), the nature of the structure of



white areas becomes more complicated in both parameters.
Black areas gradually lose information complexity, while
maintaining almost constant fractality.

Unlike most known studies [12-16], in which acoustic
activation is evaluated mainly through changes in physical
and mechanical properties, in this work the focus is on quan-
titative analysis of the nature of the structure. The use of
fractal and information dimensionalities allowed us not only
to record the effect of acoustic influence but also describe the
direction of structure evolution depending on the activation
parameters.

The effect of acoustic activation of foam concrete mixture.
The results represented in the form of diagrams (Fig. 7, 8) in-
dicate that the maximum strength is observed at a frequency
of 12000 Hz. The strength of foam concrete on the 28" day
is 1.8 MPa, which exceeds the indicators of the control sam-
ple (1.4 MPa). At the same time, the activated samples have
a higher humidity (up to 30%). This indicates that acoustic
activation affects not only the final strength but also the con-
ditions for the formation of the pore and interpore structure
of foam concrete. In contrast, activation at a frequency of
22,000 Hz leads to a decrease in strength to 0.5-0.7 MPa and
an increase in humidity to 34-35%, which may indicate de-
stabilization of the structure. The results of the experiments
confirm the effectiveness of the external influence on the sys-
tem, as indicated by an increase in strength by almost 30%.
Thus, acoustic activation can be considered as a tool for
controlled influence on the course of self-organization pro-
cesses, which is manifested in an increase in the strength of
foam concrete.

Our results of the study on structural changes in cellular
concrete under the action of acoustic excitation make it pos-
sible to form a general idea of the influence of various factors
on the nature of structure formation in composite materials.
It was established that both in models of dense structure and
in models of porous material there is a clear dependence of
the behavior of fractal and information dimensionalities on
formulation and technological factors. For models of analogs
of dense materials, the determining factor is the water-clay
ratio. A decrease in the amount of water leads to the forma-
tion of a more coherent system, which is reflected in a more
stable behavior of fractal dimensionality. On the contrary,
with an increase in water concentration, the structure passes
into a state with a less predictable organization.

In models of porous material, the interaction between
the solid and gas phases plays a key role. It is shown that an
increase in porosity leads to an asymmetric effect on these
phases: the solid phase loses the complexity and length of the
interface surfaces, while the gas phase forms an increasingly
developed structure. This is especially important for cellular
concretes, in which the pore system determines the function-
al and operational properties.

Acoustic activation, as a type of external energy influence,
was not chosen by chance. The fact is that the cellular concrete
mixture at the stage of formation of the pore structure is a
rather unstable system. Therefore, sensitive external influenc-
es can destroy this process, which will lead to delamination,
or “settling” of the mixture. The choice of acoustic activation
is explained by the following ideas about the spatial-temporal
processes of structure formation of cellular concrete. After the
formation of the primary stable porous structure, the geometry
of the interpore partitions is formed, and their corresponding
structural elements and the interfaces between them (connec-
tions). In this case, the evolution of the system will follow the

corresponding trajectory. If, during the period when the pore
structure has not yet acquired a stable state, “soft” external
influences are applied, the evolution of the system will follow
a different trajectory. This will create a cellular concrete struc-
ture with different characteristics.

The data from our experiments indicate that acoustic ex-
citations at early stages can change the nature of the spatial
organization of the solid phase. Although the mechanism
of this phenomenon requires additional clarification, the
results are consistent with the ideas of self-organization. It
is obvious that the acoustic field not only creates mechanical
vibrations in the medium but also affects the distribution of
solid particles, the interaction between aggregates and the be-
havior of interphase boundaries. At low frequencies, acoustic
waves can act as catalysts of local density fluctuations, which
is consistent with the mechanisms of self-organization in
non-equilibrium colloidal systems.

Fractal and information dimensionalities make it possi-
ble to trace how the nature of the structure changes under
the influence of acoustic excitation. The frequency regimes
that were studied turned out to be not neutral. In the fre-
quency ranges where the excitation energy contributes to
the ordering of the structure, foam concrete has greater
strength, which was observed in the corresponding series
of experimental samples. In cases where the impact energy
is excessive or the frequency does not match the conditions
for structure formation, a decrease in strength is observed.
Thus, the experiment shows not only the presence of optimal
frequency regimes but also confirms that the acoustic effect
is not universally positive and requires correct selection. In
view of this, acoustic activation can be considered as a tool
for controlling the system during its passage through “critical
states” (between the terms of binder hardening). It is at these
moments that minor external excitations can significantly
affect the path of further evolution of the system. This is the
essence of the controlled chaos approach: not suppressing
randomness but directing it in the desired direction. Such
results confirm that acoustic effects can become an effective
means of forming specified properties even before the com-
pletion of hydration processes.

Our results are consistent with the ideas in modern mod-
els of cement stone structure formation, in particular colloi-
dal models of C-S-H gel, which describe a sequential change
in the stages of cluster growth from the diffusion to the
aggregative regime [10, 15]. In known works, most attention
is paid to the description of hydration mechanisms and the
morphology of reaction products, while the quantitative as-
sessment of changes in the nature of the structure at different
stages of the process, as a rule, remains out of consideration.

In contrast to these approaches, our work focuses on quan-
titative analysis of the structure evolution using fractal and
information dimensionalities. This allowed us not only to re-
cord the presence of different stages of structure formation but
also trace their change under the influence of external acoustic
excitation. In particular, under the regimes corresponding to
aggregative growth, increased values of structural indicators
were observed, while for inconsistent activation parameters
these indicators decreased, which is not reflected in conven-
tional descriptions of the hydration process.

Similarly, most studies on the influence of acoustic
activation on cement systems [12-14, 16] are limited to the
analysis of physical and mechanical properties or hydration
kinetics. Our work shows that fractal characteristics are
more sensitive to changes in the spatial organization of the



solid and gas phases and make it possible to assess the direc-
tion of structure evolution at the early stages of its formation.
The results of acoustic activation indicate that at the ini-

tial stages of structure formation, the system is characterized
by the presence of a large number of short-lived bonds be-
tween the elements of the solid phase. Further development
of physicochemical processes leads either to the stabilization
of these bonds or to their destruction, which determines the
further nature of the structure. Acoustic influence during
this period is able to shift the course of processes towards or-
der or destabilization, which is reflected in a change in fractal
and information dimensionalities.

The influence of the water-clay ratio additionally con-
firms this pattern. With an excess amount of water, the
system moves away from the conditions for the formation
of a coherent structure, while with the optimal ratio of the
solid phase, more organized structures are created. Thus, the
proposed approach complements existing models of structure
formation with quantitative criteria that make it possible to
assess the sensitivity of the structure to external excitations
and justify the use of acoustic activation as a tool for con-
trolling the evolution of the material.

Our studies have a number of limitations, due to both the
experimental base and the features of the methods used. First,
physical models based on water-clay suspensions, although they
reproduce the general regularities of the formation of the solid
phase, do not make it possible to fully simulate all the processes
occurring during cement hydration. In particular, the influence
of chemical reactions, heat release, and rheology of cement
slurry are more complex. Therefore, studies on the influence of
acoustic activation are adequate for systems in which the forma-
tion of the structure occurs at the early stages of hardening and
is accompanied by high sensitivity to external excitations. The
application of the proposed approaches to materials with a rig-
idly fixed structure or to systems where the structure formation
is complete requires additional justification.

Secondly, the work investigates the influence of only one
type of external excitation - acoustic activation. Other energy
influences (mechanical vibrations, electromagnetic fields,
combined modes) can cause other mechanisms of self-organi-
zation and change the fractal characteristics of the structure.

Thirdly, fractal analysis was carried out using only two
parameters — fractal and information dimensionalities. This
approach can be extended by using multifractal spectrum,
correlation dimension or entropy indices.

It should also be noted that the reproducibility of the ob-
tained effects is ensured only within the studied ranges of wa-
ter-clay ratio and acoustic activation frequencies. Going beyond
these limits may lead to qualitatively different scenarios of struc-
ture evolution, which requires separate experimental studies.

Prospects for further research are related to studying com-
bined energy activation modes, modeling structure formation
during real cement hydration processes, and applying multi-
fractal analysis. An important direction of further research is
to identify the quantitative relationship between the parame-
ters of external energy influence and the structural stability of
the material. All this will make it possible to expand the scope
of knowledge and enhance the technological possibilities of
regulating the nature of the material structure and create con-
ditions for the synthesis of new building materials.

Practical significance of the results. Our results have
important applied value for the technology of building mate-
rials, in particular cellular concrete. It is shown that acoustic
activation can be used as a tool for targeted influence on the

formation of the material structure at the early stages of hard-
ening. It is established that optimization of acoustic influence
parameters makes it possible to increase the strength and
stability of the foam concrete structure.

The use of fractal and information dimensionalities as
structural indicators makes it possible to implement systems
for operational quality control of the material structure. This
makes it possible to predict the properties of materials even
before they reach full strength and to adjust technological
parameters in real time.

The disadvantages of this study include the lack of di-
rect experimental observation of the evolution of interphase
boundaries in the process of acoustic activation. Changes
in the nature of the structure were estimated indirectly —
through fractal and information indicators. This disadvan-
tage can be eliminated by combining fractal analysis with di-
rect visualization methods. Another drawback is the limited
number of experimental series for foam concrete, which does
not make it possible to build a full-fledged statistical model of
the influence of acoustic parameters. In further studies, this
can be eliminated by expanding the experimental sample.

The results could be integrated into the practice of pro-
ducing thermal insulation and structural thermal insulation
concretes, where the stability of the pore structure plays a key
role in ensuring the durability and energy efficiency of the
material. The application of the concept of controlled chaos
opens up prospects for devising new technological approach-
es in the production of these building materials.

7. Conclusions

1. We have established the influence of water content and
acoustic excitation parameters on the fractal characteristics
of the structure of physical models — analogs of cement stone.
It has been shown that when the water-clay ratio and the
frequency of acoustic exposure change, the fractal dimen-
sionality of the structure changes within wide limits, and the
nature of these changes is significantly different for activated
and non-activated samples. In particular, at the optimal wa-
ter-clay ratio (W / Cl = 1.0), the most stable and reproducible
dependence of the fractal dimensionality on the frequency of
acoustic oscillations (R? up to 0.99) is observed. This indicates
that acoustic excitation changes the conditions of the course
of self-organization processes, affecting the formation of the
spatial structure of the solid phase at the early stages.

2. A change in the fractal and information dimensional-
ities of the structure depending on the porosity of the model
materials has been revealed. It is shown that with increasing
porosity, the fractal and information dimensionalities of the
solid phase (interpore partitions) decrease, while for the gas
phase they increase (R? = 0.83-0.99 depending on W / CI).
This means that in porous systems it is the pore structure that
determines the general nature of the fractal organization of
the material. Our results confirm the feasibility of using frac-
tal and information dimensionalities as sensitive quantitative
indicators of changes in the nature of the structure under
conditions of high heterogeneity.

3. The effect of acoustic activation on the physical and
mechanical properties of foam concrete has been established.
It has been experimentally shown that acoustic activation of
the foam concrete mixture at the early stages of structure
formation leads to a significant change in the strength and
moisture content of the material. The maximum strength



of foam concrete (1.8 MPa) was achieved at a frequency
of 12 kHz, which is approximately 30% higher than the in-
dicators of control samples (1.4 MPa). At the same time, at
excessive frequencies (22 kHz), a sharp decrease in strength
to 0.5-0.7 MPa and an increase in humidity to 34-35% were
observed, which indicates destabilization of the structure.
This confirms that acoustic excitation is not a universally
positive factor and its effectiveness is determined by the
compliance of the impact parameters with the conditions for
structure formation.

Conflicts of interest

The authors declare that they have no conflicts of interest
in relation to the current study, including financial, personal,
authorship, or any other, that could affect the study, as well
as the results reported in this paper.

Funding

The study was conducted without financial support.

Data availability

All data are available, either in numerical or graphical
form, in the main text of the manuscript.

Use of artificial intelligence

In the process of preparing the manuscript, the artificial
intelligence tool ChatGPT (OpenAl, version 5.2) was used
exclusively for auxiliary technical and editorial tasks.

The AI tool was used to assist in the formation of edi-
torial responses, to prepare a cover letter, for preliminary
linguistic verification of individual fragments of text outside
the scientific content, to check the logical consistency of the
manuscript structure at the stage of internal editing.

Artificial intelligence tools were not used for writing an
abstract and introduction, analyzing literary sources, form-
ing or interpreting experimental results, constructing graphs,
tables, or calculations, formulating scientific conclusions.

All specified sections were prepared and edited exclusive-
ly by the authors.

Verification of results. All texts formed with the partic-
ipation of AI tools were carefully checked by the authors
from the point of view of scientific correctness, compliance
with experimental data, compliance with the requirements
of the journal.

The use of artificial intelligence tools did not affect the
scientific results, interpretation of data, or conclusions of
the study. All scientific statements, numerical values, and
experimental results were obtained and substantiated by
the authors.

Authors’ contributions

Volodymyr Martynov: Conceptualization, Methodol-
ogy, Formal analysis, Software, Writing - original draft,
Writing - review & editing; Svetlana Sukhanova: Concep-
tualization, Methodology, Validation, Data curation, Writ-
ing - review & editing, Supervision, Project administration;
Svetlana Makarova: Methodology, Investigation, Formal
analysis, Resources; Dmytro Taichan: Software, Investi-
gation, Validation, Formal analysis, Writing - original draft,
Writing - review & editing; Ihor Sychov: Software, Formal
analysis, Validation, Investigation, Writing - original draft,
Writing - review & editing.

References

1.  Neville, A. M. (2011). Properties of Concrete. London: Pearson Education Limited, 844. Available at: https://www.pearson.com/en-gb/
subject-catalog/p/properties-of-concrete-properties-of-concrete/P200000005116/9780273755807

2. Hewlett, P. C., Liska, M. (2019). Lea’s Chemistry of Cement and Concrete. Butterworth-Heinemann, 1256. https://doi.org/10.1016/
€2013-0-19325-7

3. Nicolis, G., Prigogine, I. (1977). Self-Organization in Nonequilibrium Systems: From Dissipative Structures to Order through
Fluctuations. Wiley, 491. Available at: https://archive.org/details/selforganization0000nico

4. Haken, H. (1983). Synergetics. In Springer Series in Synergetics. Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-88338-5

5. Lohmann, J., Kolzer, T., Schaan, G., Schmidt-Dohl, F. (2023). Self-organizing systems in the construction industry. Engineering
Reports. https://doi.org/10.1002/eng2.12692

6. Lan, M., Zhou, J, Li, H., Wang, Y. (2022). Numerical Simulation on Cement Hydration and Microstructure Development in Repair-
Substrate Interface. Frontiers in Materials, 9. https://doi.org/10.3389/fmats.2022.829743

7. Memon, R. P, Huseien, G. F., Saleh, A. T., K. Ghoshal, S., Memon, U., Alwetaishi, M. et al. (2022). Microstructure and Strength
Properties of Sustainable Concrete Using Effective Microorganisms as a Self-Curing Agent. Sustainability, 14 (16), 10443. https://doi.org/
10.3390/su141610443

8. Danylkiv, A. Ya. (2023). Doslidzhennia mitsnisnykh kharakterystyk betonu ultrazvukovym metodom. Ternopil: TNTU, 71. Available
at: https://elartu.tntu.edu.ua/handle/lib/41193

9.  Cheylitko, A. (2015). The influence of synthesis of the initial mixture and blowing agents on the formation of a porous structure.
Eastern-European Journal of Enterprise Technologies, 5 (8 (77)), 35-38. https://doi.org/10.15587/1729-4061.2015.51615

10. Zhu, X., Richardson, I. G. (2023). Morphology-structural change of C-A-S-H gel in blended cements. Cement and Concrete Research,
168, 107156. https://doi.org/10.1016/j.cemconres.2023.107156
11.  Cangemi, L. M., Bhadra, C., Levy, A. (2024). Quantum engines and refrigerators. Physics Reports, 1087, 1-71. https://doi.org/10.1016/

j-physrep.2024.07.001


https://doi.org/10.1016/c2013-0-19325-7
https://doi.org/10.1016/c2013-0-19325-7
https://archive.org/details/selforganization0000nico
https://doi.org/10.1007/978-3-642-88338-5
https://doi.org/10.1002/eng2.12692
https://doi.org/10.3389/fmats.2022.829743
https://doi.org/10.3390/su141610443
https://doi.org/10.3390/su141610443
https://elartu.tntu.edu.ua/handle/lib/41193
https://doi.org/10.1016/j.cemconres.2023.107156
https://doi.org/10.1016/j.physrep.2024.07.001
https://doi.org/10.1016/j.physrep.2024.07.001

12. Basu, S., Sasmal, S., Kundu, T. (2024). Ultrasonic wave characteristics in multiscale cementitious materials at different stages of
hydration. Ultrasonics, 142, 107397. https://doi.org/10.1016/j.ultras.2024.107397

13.  Swartz, M., Mbasha, W., Haldenwang, R. (2023). The Effect of a Blended Polycarboxylate Superplasticizer on the Rheology of Self-
Compacting Concrete Paste. Applied Sciences, 13 (7), 4148. https://doi.org/10.3390/app13074148

14. Xiong, G., Ren, Y., Fang, Z., Jia, X., Sun, K., Guo, B. et al. (2024). Understanding the cavitation effect of power ultrasound in cement
paste. Construction and Building Materials, 438, 137089. https://doi.org/10.1016/j.conbuildmat.2024.137089

15. Remus, R., Rofiler, C., Peters, S., Sowoidnich, T., Ludwig, H.-M. (2024). Fundamental effects of using power ultrasound to accelerate
C3S hydration. Cement and Concrete Research, 180, 107514. https://doi.org/10.1016/j.cemconres.2024.107514

16. Ehsani, A., Ganjian, E., Haas, O., Tyrer, M., Mason, T. J. (2023). The positive effects of power ultrasound on Portland cement pastes
and mortars; a study of chemical shrinkage and mechanical performance. Cement and Concrete Composites, 137, 104935. https://
doi.org/10.1016/j.cemconcomp.2023.104935

17. Zhang, P., Ding, J., Guo, J., Wang, F. (2024). Fractal Analysis of Cement-Based Composite Microstructure and Its Application in
Evaluation of Macroscopic Performance of Cement-Based Composites: A Review. Fractal and Fractional, 8 (6), 304. https://doi.org/
10.3390/fractalfract8060304

18. Guan, D., Pan, T., Guo, R., Wei, Y., Qi, R., Fu, C. et al. (2024). Fractal and Multifractal Analysis of Microscopic Pore Structure of UHPC
Matrix Modified with Nano Silica. Fractal and Fractional, 8 (6), 360. https://doi.org/10.3390/fractalfract8060360

19. Liu, Y., Zhao, Z., Amin, M. N., Ahmed, B., Khan, K., Arifeen, S. U., Althoey, F. (2024). Foam concrete for lightweight construction
applications: A comprehensive review of the research development and material characteristics. Reviews on Advanced Materials
Science, 63 (1). https://doi.org/10.1515/rams-2024-0022

20. Zhang, X., Meng, L., Li, Q., Wang, Y., Liu, D., Wei, K. (2025). Pore size distributions and fractal characteristics of basalt fiber-reinforced
coral sand concrete. Scientific Reports, 15 (1). https://doi.org/10.1038/s41598-025-06480-1

21. Wu, L., Li, Y., Fu, Z., Su, B.-L. (2020). Hierarchically structured porous materials: synthesis strategies and applications in energy
storage. National Science Review, 7 (11), 1667-1701. https://doi.org/10.1093/nsr/nwaal83

22. Al-Allaf, M. H., Weekes, L., Augusthus-Nelson, L., Leach, P. (2016). An experimental investigation into the bond-slip behaviour
between CFRP composite and lightweight concrete. Construction and Building Materials, 113, 15-27. https://doi.org/10.1016/
j-conbuildmat.2016.03.032

23.  Chen, Y., Wang, Q. (2005). Extended Jacobi elliptic function rational expansion method and abundant families of Jacobi elliptic
function solutions to (1 + 1)-dimensional dispersive long wave equation. Chaos, Solitons & Fractals, 24 (3), 745-757. https://doi.org/
10.1016/j.chaos.2004.09.014

24, Martynov, V. I, Vyrovoi, V. M., Makarova, S. S. (2021). Nizdriuvati betony. Sklad, tekhnolohiya, struktura, vlastyvosti. Odesa: ODABA, 162.

25. Martynov, V., Vyrovoy, V. M., Makarova, S., Taichan, D. (2024). The Influence of the Solid Phase on the Properties of Foam Concrete.
Materials Science Forum, 1138, 121-130. https://doi.org/10.4028/p-4maykh

26. Martynov, V., Taichan, D. (2025). Informational content of fractal structures of building materials. Science and Construction, 44 (2).
https://doi.org/10.33644/2313-6679-2-2025-6

27.  Chen, Y. (2020). Equivalent relation between normalized spatial entropy and fractal dimension. Physica A: Statistical Mechanics and
Its Applications, 553, 124627. https://doi.org/10.1016/j.physa.2020.124627


https://doi.org/10.1016/j.ultras.2024.107397
https://doi.org/10.3390/app13074148
https://doi.org/10.1016/j.conbuildmat.2024.137089
https://doi.org/10.1016/j.cemconres.2024.107514
https://doi.org/10.1016/j.cemconcomp.2023.104935
https://doi.org/10.1016/j.cemconcomp.2023.104935
https://doi.org/10.3390/fractalfract8060304
https://doi.org/10.3390/fractalfract8060304
https://doi.org/10.1515/rams-2024-0022
https://doi.org/10.1038/s41598-025-06480-1
https://doi.org/10.1093/nsr/nwaa183
https://doi.org/10.1016/j.conbuildmat.2016.03.032
https://doi.org/10.1016/j.conbuildmat.2016.03.032
https://doi.org/10.1016/j.chaos.2004.09.014
https://doi.org/10.1016/j.chaos.2004.09.014
https://doi.org/10.4028/p-4maykh
https://doi.org/10.33644/2313-6679-2-2025-6
https://doi.org/10.1016/j.physa.2020.124627

