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Abstract: A person spends most of his life in rooms built from various building materials; therefore,
the optimization of the human environment is an important and complex task that requires inter-
disciplinary approaches. Within the framework of the new theory of geomimetics in the building
science of materials, the concepts of technogenic metasomatism, the affinity of microstructures, and
the possibilities of creating composites that respond to operational loads and can self-heal defects
have been created. The article aims to introduce the basic principles of the science of geomimetics in
terms of the design and synthesis of building materials. The study’s novelty lies in the concept of
technogenic metasomatism and the affinity of microstructures developed by the authors. Novel tech-
nologies have been proposed to produce a wide range of composite binders (including waterproof
and frost-resistant gypsum binders) using novel forms of source materials with high free internal
energy. The affinity microstructures for anisotropic materials have been formulated, which involves
the design of multilayered composites and the repair of compounds at three levels (nano-, micro-,
macro-). The proposed theory of technogenic metasomatism in the building science of materials
represents an evolutionary stage for composites that are categorized by their adaptation to evolving
circumstances in the operation of buildings and structures. Materials for three-dimensional additive
technologies in construction are proposed, and examples of these can be found in nature. Different
ways of applying our concept for the design of building materials in future works are proposed.

Keywords: geomimetics; construction materials; affinity microstructures; technogenic metasomatism;
3D additive technology

1. Introduction

To analyze the present and future of any science, it is essential to build on a specific
stage of the evolution of the Homo sapiens species and science in relation to overall
global challenges facing society and problems affecting the coexistence of the organic
and inorganic world as a whole [1-4]. Scientific progress occurs in parallel with the
development of mankind [5-8]. Over time, discoveries have been made and inventions
have been created that were relevant for a certain period in human evolution [9]. With the
development of technology, some inventions of the past became completely unnecessary,
and some entered our life forever [10]. At this stage of development, mankind has achieved
certain successes, although these achievements could have been much greater if it had not
been for a series of wars, natural and technological disasters, epidemics and other problems
that, naturally, delayed the evolution and development of mankind [11-13]. At all stages
of evolution, progress is determined by the development of science [14]. For two millennia,
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a path has been forged from philosophy and the fundamental sciences to applied research;
society has passed from the Stone Age to industrial and post-industrial and the nature of
human consumption has radically changed [15-18]. However, by the beginning of the XXI
century serious problems arose, without the solutions of which it is difficult to count on
long-term progress in the development of society (Figure 1) [19-24].

Problems of the 21st century
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Figure 1. Directions for solving the problems of the 21st century.

Further development has been hampered by a lack of energy resources, environmental
pressure on the human environment, etc., [25,26]. The main task of scientists from all
over the world is to create a comfortable human environment from the standpoint of
optimizing materials in relation to which a person spends most of his life [27-29]. This
difficult task cannot be solved with a mono-and interdisciplinary approach. The study
of the complex interaction of the components is possible only through transdisciplinary
research [30-32]. Geomimetics is an approach to the creation of materials, composites,
architectural ensembles, and works of art in which the ideas and technological schemes
are borrowed from the study of geological and cosmo-chemical processes, minerals, rocks,
and types of folding in order to create new composites for construction objects. Within
the framework of the theoretical principles of geomimetics, a reduction in the energy
intensity of the production of building materials is possible through the use of energy
from geological and cosmo-chemical processes, and the use of energy-saving raw materials
specially prepared by geological and cosmo-chemical processes [33-35]. The article aims
to introduce the basic principles of the science of geomimetics in terms of the design and
synthesis of building materials. The study’s novelty lies in the concept of technogenic
metasomatism and the affinity microstructures developed by the authors [36].

2. Using a Novel Form of Source Material with High Free Internal Energy

Novel technologies have been proposed to produce a wide range of composite binders
(including waterproof and frost-resistant gypsum binders) using a novel form of source
material with high free internal energy [37]. Such raw/source materials including clay
rocks at the imperfect phase of the mineral development process and at the zone of
sediment genesis, volcanic rocks with an amorphous and cryptocrystalline structure, and
quartz-bearing rocks of the green shaled metamorphism stage are prospective, and are
characterized by defects in the crystal lattice, including mineral-forming media, gas-air
inclusions, and other features [38] (Figure 2).
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Figure 2. Classification of energy-saving raw materials in the construction industry.

The resulting building composites significantly exceed the traditionally produced
performance characteristics with a clinker component saving of 50-70% and are comfortable
for the human environment [39]. Technology has been developed for producing wall
materials with autoclave hardening through the use of clay rocks at an imperfect phase of
mineral development with the possibility of reducing the time and pressure of autoclaving
to 2—4 atm [40]. These rocks make it possible to control the structure formation processes
of new generation autoclave materials [41]. At the same time, new growths of various
compositions and morphology have been synthesized, forming cementing compounds of
optimal composition, which ensures the high properties (physical and mechanical) of the
products. Using raw /source materials from various fields and energy-saving technology,
autoclave materials with an obtained compressive strength up to 40-45 MPa have been
produced [42]. A high dispersion of clay rocks allows the strength of the raw materials
to be increased 2—4 times, facilitating the formation of high-hollow wall silicate materials
with an average density of 1000-1300 kg/m? [43]. At the same time, energy costs are
significantly reduced, and the number of raw materials used is reduced by 30-35% [44].
A wide range of effective autoclave materials based on this raw material, including wall,
decoration, heat-insulating, structural and heat-insulating, and acoustic materials were
researched by the authors of [45]. The use of these rocks will expand the raw material
base of autoclave hardening materials, reduce the energy intensity of manufacture thereof,
advance the ecological condition of the environment, and produce a comfortable standard
of living for people [40].

The sustainability of the use of these new types of raw material lies in the fact that the
energy consumption for the production of building materials is significantly reduced with
the simultaneous utilization of what was previously considered waste.

3. The Affinity Microstructures

The affinity microstructures for anisotropic materials have been formulated, which
involves the design of multilayered composites and the repair of composites at three levels
(nano-, micro-, macro-) [46]. A new repair compound must be designed to be identical to
the base matrix, which provides a way to significantly increase the bond strength and the
physical and mechanical properties of materials [47]. The source of the formulation of this
concept was the information obtained in the study of natural analogues of anisotropic and
isotropic building composites [48] (Figure 3).

It was established that rocks, regardless of genesis (igneous, metamorphic, and sed-
imentary), have a banded texture, the layers of which are represented by minerals with
significantly different deformation characteristics and coefficients of thermal expansion.
These are not only short-lived, but they also have an anisotropy coefficient of 7-9 or more,
unlike prototypes with an anisotropy coefficient of 2-3 [49]. An increase in the tensile
strength of the masonry with the proposed compositions by 3-5 times is elucidated by
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the microstructure of the region of contact, for instance, ceramic bricks and mortar [50]
(Figure 4). The developed masonry mortar and the wall material are practically a single
monolith; in the design of a traditional binder, the interfacial transition (contact) zone is
clearly visible, which is the weakest point of the samples [51,52].
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Figure 3. Different adhesion of similar materials (natural and ordinary artificial).
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Figure 4. The effect of masonry mortar compositions on the structure of the contact zone: (a) masonry mortar, taking into

account the affinity microstructures; (b) traditional masonry mortar.

The sustainability during the application of the affinity microstructures for repair com-
pounds is related to the fact that the service life of buildings and structures is significantly
increased, and building materials receive the potential for self-healing during the period
of operation.

4. The Technogenic Metasomatism

Our proposed theory of technogenic metasomatism in building materials is a stage in
the evolution of composites classified according to the degree of their adaptation to the
changing operating conditions of buildings and structures [53]. One of the mechanisms
of technogenic metasomatism is the contradiction between the composition and structure
of the building composites’ material and the new thermodynamic conditions they obtain
during the construction and exploitation of buildings and structures. These complex
processes (Figure 5) include recrystallization, diffusion, dehydration, crystallo-chemical
transfiguration, transfiguration in the crystal lattices of a mineral, autogenesis (solid-phase
recovery from a solution), etc., [54].
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Figure 5. Processes of the technogenic metasomatism.

The design of composites, taking into account the theory of technogenic metasomatism
in the building science of materials, allows for the possibility of the self-healing of defects
that arise during the operation of buildings and structures and to obtain the so-called smart
composites [55]. These are materials during the design of which an interaction with the
environment is established, which allows them to respond to outside factors by self-healing
the flaws that have appeared, positively affecting the man—material—environment triad.
Our proposed method was investigated on composite binders using tuff, creating the most
suitable environment at the initial stage of microstructure development, and hardening the
hardening conglomerate. As a result, the hardened composite exhibits a decrease in stresses
and a decline in the size and number of microcracks that regulates the cost effectiveness and
technological use of composite binders based on tuff, especially in conditions of dry, hot
weather. Volcanic tuff is called heteroporous rock. The void space of this breed is extremely
difficult in shape and comprises an amalgamation of various sized pores (Figure 6).
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Figure 6. SEM images of the surface: (a) volcanic tuff; (b) tuff powder.

The water existence in the rock is in intricate interplay with its mineral skeleton, and
the limitations and relationships between them are arbitrary and continually changing:
the water can change into steam, chemically and physically bound water, and free or
gravitational water. In hot weather, when there is a deficiency of the liquid phase in the
composite itself, the tuff particles that make up the binder will give out the capillary-
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retained water stored by them during hardening, which leads to the activation of the
operation of microstructure creation and the synthesis of a denser uniform microstructure
of materials in the process of curing and the exploitation of concrete. Under the condition
of service, microcracks arising under different loads self-destruct owing to the contact
with the dampness present in tuff particles with nonreacted clinker minerals. During the
service life, tuff particles give away the capillary-retained water stored by them, and this
leads to the activation of structure development processes and the integration of a denser
homogeneous materials/structure while hardening during the operation with concrete.
This is how smart composites work. Given the theoretical principles of geomimetics, the
great diversity of acoustic, heat-insulating, and structural-heat-insulating composites based
on foam glass have been developed [56,57].

The sustainability of technogenic metasomatism lies in the fact that the material
adjusts to changing temperatures and humidity conditions during the operation. As a
result, the building material obtains a longer maintenance-free period and has a positive
effect on human life indoors.

5. The Three-Dimensional Additive Technology from the Perspective of Geomimetics

Materials for three-dimensional additive technologies in construction are proposed
and examples can be found in nature (Figure 7). Additive technology (layered synthesis
technology) today is among the most prominent emerging areas in the field of science. In
the relatively short span that has elapsed since the arrival of the three-dimensional printer,
people now understand how to print dishes, dolls, vehicles, and even parts of the human
body [58-60]. The extent of the objects that can be printed using a three-dimensional
printer is continually growing. Work on the creation of the equipment for additive three-
dimensional technologies continues in many countries of the world, but there is currently no
clear theoretical justification for the design and synthesis of building composites. Moreover,
taking into account all the evolutionary transformations that are happening in the human
environment, it is difficult to switch to the creation of three-dimensional skills in the
construction complex. According to the analysis of the genetic features of the microstructure
and composition of banded rocks, and their age and relationship to the weathering and
destruction processes, proposals have been developed for creating composites for additive
three-dimensional technologies in construction. The compositions of waterproof and
frost-resistant gypsum binders have been created, the standard strength of which can be
achieved in a short time [61,62]. It seems that it is precisely these composite binders that
should become the basis for the development of additive three-dimensional technologies
in construction [63].

Figure 7. Additive technologies in nature (a) and in the construction industry (b).

The sustainability of additive technologies lies in the fact that a monolithic composite is
created by a layer-by-layer synthesis. The increasing speed of construction allows a person
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to acquire great variability in the choice and comfort of the place of his permanent and
temporary habitation.

6. Challenges and Restrictions

This paper provides examples of the implementation of geomimetics in building mate-
rials science. The prospects for further research in this direction relate to the assessment of
the potential of substandard raw materials for the creation of building materials, including
smart composites, that are capable of responding to the effects of various external factors.
According to our forecasts, in the next 20 years, 90% of modern materials used in industry
will be replaced by new ones, which will create structural elements that will determine the
technological progress of the 21st century. The implementation of theoretical provisions
and a systematic approach to solving the problems formulated through the framework of
geomimetics make it possible to develop a methodological basis for the creation of effective
building composites.

Based on this methodology, new effective wall materials with consistently high ther-
mal insulation characteristics and an increased adhesion strength with masonry mortars
for construction in earthquake-prone regions can be proposed for further research. Wall
materials obtained using this technology will have a significantly more developed surface
than traditional wall materials. Caverns formed in place of granules will significantly in-
crease the strength of the masonry and taking into account the use of a specially developed
masonry mortar, they can increase the shear strength of the masonry by 25-30 times, which
is especially important for construction in earthquake-prone areas.

The second promising direction for further research is the development of self-healing
systems, which will allow the creation of a more highly organized structure of cement paste
at the macro-, micro-and nano-levels, and concrete as a whole at all stages, particularly
at the stages of the mixing, hardening, and exploitation of the material. For this purpose,
the use of volcanic tuffs is promising. These rocks have a heteroporous system due to
nano-porosity and capillary and gel porosity. The binder obtained by the joint grinding of
cement and tuff has a positive effect on the process of structure formation of concrete in
hot climates and makes it possible to optimize traditional self-restoration concrete, which
is used today in many countries of the world.

The third promising direction is the design of layered composites and repair systems at
the nano, micro and macro levels similar to the base matrix, which will lead to a significant
increase in the adhesion and durability of materials. Further development of masonry
mortars, plaster mortars, and restoration mixtures is required.

The fourth promising direction is the development of highly efficient heat-insulating
and structural glass composites of a new generation with protective and decorative proper-
ties and high heat-insulating, strength, and performance characteristics based on techno-
genic raw materials. The natural analogue of the material obtained is volcanic glass, which
has high physical and mechanical properties. The creation of new highly efficient compos-
ites should be based on the principle of copying geological and cosmo-chemical processes
in order to create new composites to optimize the human environment. This is required
to clarify the regularities of the processes of structure formation and the development of
principles for increasing the efficiency of non-autoclave aerated concrete through the use
of composite binders, process control in a three-phase dispersed porous composite, and
the improvement of technological methods for manufacturing aerated concrete products.
Further research should be aimed at the formation of the composition and granulometry
of binders, which correspond to the structure of thin interpore partitions, and the control
of the properties of mixtures to combine the processes of gas formation and structure
formation, taking into account the balance of forces in the initial mixture.

The fifth area for further research is the application of the provisions of geomimetics
in additive technologies (layer-by-layer synthesis), which is one of the most dynamically
developing areas in science. The fundamental basis for the design and creation of compos-
ites for additive technologies is the transition to transdisciplinary research, which is now
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prominent, including as a direction of geomimetics. Work on the creation of technology
and equipment for three-dimensional additive technologies continues in many countries of
the world, but there is currently no scientific justification for such building composites and
technologies. Moreover, taking into account all the evolutionary transformations that are
taking place in the human environment, it is not yet possible to switch to the creation of
three-dimensional technologies in the construction complex.

7. Conclusions

This review manuscript summarizes the results carried out by the team of authors over
the past 10 years in the framework of the transdisciplinary direction in building materials
science (geomimetics). As a result, the following main conclusions were made:

1.  The novel technologies have been proposed for the production of a wide range of
composite binders (including waterproof and frost-resistant gypsum binders) using
novel forms of source materials with high free internal energy. Such raw/source
materials such as clay rocks at the imperfect phase of the mineral development
process and at the zone of sedimentogenesis, volcanic rocks with an amorphous and
cryptocrystalline structure, quartz-bearing rocks of the green shaled metamorphism
stage are prospective, and are characterized by defects in the crystal lattice, including
mineral-forming media, gas-air inclusions, and other features.

2. The affinity microstructures for anisotropic materials have been formulated, which
involves the design of multilayered composite and the repair of compounds at three
levels (nano-, micro-, macro-). This is identical to the base matrix, which provides
a route to a substantial growth in the durability of the bond and materials. The source
of the formulation of this concept was the information obtained in the study of natural
analogues of anisotropic and isotropic building composites.

3. Our proposed theory of technogenic metasomatism in the building science of mate-
rials represents an evolutionary stage for composites that are categorized by their
adaptation to evolving circumstances in the operation of buildings and structures.
One of the mechanisms of technogenic metasomatism is the contradiction between
the material composition and the structure of building composites and the new ther-
modynamic conditions which they obtain during the construction and exploitation of
buildings and structures. These complex processes include recrystallization, diffusion,
dehydration, crystallochemical transfiguration, transfiguration in the crystal lattices
of a mineral, autogenesis (solid phase recovery from a solution), etc.

4. Materials for three-dimensional additive technologies in construction are proposed
and examples can be found in nature. According to the analysis of the genetic features
of the microstructure and composition of banded rocks and their age and relationship
to the weathering and destruction processes, proposals have been developed for
creating composites for additive three-dimensional technologies in construction. The
compositions of waterproof and frost-resistant gypsum binders have been created,
the standard strength of which can be achieved in a short time. It seems that it is
precisely such composite binders that should become the basis for the development
of additive three-dimensional technologies in construction.
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