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Abstract: The production and servicing of cement-based building materials is a source of large
amounts of carbon dioxide emissions globally. One of the ways to reduce its negative impact, is
to reduce concrete consumption per cubic meter of building structure through the introduction of
hollow concrete products. At the same time, to maintain the load-bearing capacity of the building
structure, it is necessary to significantly increase the strength of the concrete used. However, an
increase in strength should be achieved not by increasing cement consumption, but by increasing the
efficiency of its use. This research is focused on the development of technology for the production
of thin-walled hollow concrete blocks based on high-strength, self-compacting, dispersed, micro-
reinforced, fine-grained concrete. The use of this concrete provides 2-2.5 times higher strength in
the amount of Portland cement consumed in comparison with ordinary concrete. The formation of
external contours and partitions of thin-walled hollow blocks is ensured through the use of disposable
formwork or cores used as void formers obtained by FDM 3D printing. This design solution makes
it possible to obtain products based on high-strength concrete with higher structural and thermal
insulation properties compared to now existing lightweight concrete-based blocks. Another area
of application of this technology could be the production of wall structures of free configuration
and cross-section due to their division, at the digital modeling stage, into individual element-blocks,

manufactured in a factory environment.

Keywords: reduction in CO, emissions; improving the efficiency of cement use; high-strength
self-compacting fine-grained concrete; thin-walled hollow concrete block; printing formwork for
concreting using the FDM method

1. Introduction

Reducing CO;, emissions in all production areas has become a global objective ne-
cessity in recent decades. Even if the negative impact of this factor on climate change
and ecology turns out to be not as significant as it seems now, the struggle for the use
of decarbonization methods has already played a positive role and acted as a powerful
stimulus for technological development [1-3].

A significant number of studies indicate that industries such as construction and the
production of building materials are one of the main sources of carbon footprint, ranking
third among all industries [4-6]. In this regard, research and development aimed at finding
ways to reduce CO, emissions at all stages of the life cycle of construction projects are
relevant [6-9].

As a solution to this problem, a large number of researchers consider an integrated
approach to reducing CO, emissions to be effective, by optimizing all stages of the life cycle
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of buildings and structures. The authors of [10] offer a roadmap for adjusting concrete
production technology. The general idea of the roadmap is to use the following three tools:
(1) consume less concrete for new structures; (2) consume less cement in concrete mixtures;
(3) consume less clinker in cementing material.

Reducing concrete consumption (Tool (1)), which is the logical pinnacle of this scheme,
presents certain difficulties in practice. The most effective method of reducing concrete
consumption, increasing the efficiency of cement use, and improving the performance of
structures is the use of high-strength concrete instead of traditional ones [11-15]. This is
due to the fact that the formation of the structure of high-strength concrete is based on
slightly different principles. The main one is to ensure the possibility of self-organization
of the relative arrangement of particles in a concrete mass at the submicroscopic level, due
to the targeted control of the grain composition and rheology of fresh concrete [16]. With
this approach, it has become possible to increase the strength of concrete several times
without a significant increase in cement consumption. The positive effect of this approach
is achieved by increasing the efficiency of its use and allows the goals of decarbonization
methods to be realized.

For example, the authors of [17] carry out a comparative analysis of resource costs
and assess the negative impact on the environment of two bridges with similar parameters
but built from different types of concrete. The authors conclude that building with high-
strength concrete can provide significant reductions in CO, emissions (up to 50%) for
some specific structures. In other cases, where the increase in strength does not lead to a
significant reduction in concrete consumption, the reduction in CO, emissions is achieved
by increasing the durability of the structure.

A serious obstacle to the widespread introduction of high-strength concrete is that
existing production methods often do not allow the formation of the required rational
cross-section of the product, which should become multi-hollow or thin-walled. As an
illustration of this idea, the structure of mammalian bones can be referred to as a natural
analogue of effective multi-hollow structural elements with a rational structure [18].

The creation of a large number of voids, thin walls and a more complex longitudinal
profile creates great technological difficulties. As a rule, this causes the need to simplify the
section shape (returning to the traditional T-beam, I-beam, or channel). Due to this, there
is again an overconsumption of concrete compared to calculation models, the efficiency
of cement use decreases, and, as a result, the level of CO, emissions increases. Moreover,
for many types of concrete products, it is important to save the external configuration, for
example, for wall blocks. Taking into account these difficulties, the proportion of structures
made from high-strength concrete in the total volume of cement consumption is not large.

In the total volume of concrete production, a significant amount of cement is required
for the production of various ordinary building products with low strength, in particular
wall blocks, as well as mortars for connecting them together and plastering them. At the
same time, the thermal conductivity of wall blocks has a significant impact on the energy
efficiency of the building (in CO, emissions) over the many years of its operation.

A logical step in this direction is to integrate the advantages of high-strength concrete
into the large-scale production of building materials for wall construction, such as wall
concrete blocks. This will also ensure increased operational efficiency of the wall structures
being increased. But, at the moment, no published research results on this issue have
been found.

In this regard, the mission of this research was to develop original technological
solutions for the production of hollow wall blocks and other high-strength concrete-based
products with a complex structure topology.

The proposed approach required solving the following problems:

1. A significant increase in the strength characteristics of the concrete used without
excess consumption of cement;

2. Adapting the properties of concrete for the manufacture of hollow blocks with complex
configurations with thin walls;
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3. Solving the issue of creating the desired external configuration of the block and the
structure of its partitions;
4. Solving the issue of connecting products into a wall structure.
Problems 1 and 2 were the subject of a separate study, therefore this article presents
only previously obtained results without discussing the process of obtaining them [19,20].

2. Materials and Methods

In accordance with the mission of the study, the research design shown in Figure 1
is proposed.

Justification
of theidea

C ” Creatingthe Opportunities,
RO Ees kel Connecting rospects,and
and configurationand prospects,
A concrete
properties of partitions of blocks challenges of the
concrete concrete block technology

Figure 1. Research design.

One of the recognized methods for increasing the efficiency of cement use is the intro-
duction of various mineral additives and increasing its dispersity. The mixture obtained as
a result of such actions is called a composite binder. Portland cement CEM II/A-P 42.5N
was used to obtain composite binders used for the production of fine-grained concrete. Its
mineral composition and some properties are presented in Table 1. A special feature of
this cement is the presence of natural opoka in its composition. Opoka is a natural poz-
zolanic material that is found in many regions and contains, as a rule, 66-85% of reactive
silica [21-23].

Table 1. Mineral composition and properties of Portland cement CEM II/A-P 42.5N.

Mineral Composition, % Mineral Additive Zpe:iﬁc Setting Time (min) Compressive Strength at
urface
2 28 Day, MPa
CsS C,S CsA  C,AF  Content, % Type (m*/kg) Initial Final v
62.25 16.44 4.25 13.13 9.5 Opoka 340 120 280 54.7

The following components were used as additional ones for the production of com-
posite binders and concretes:

- Waste from processing heavy concrete with a particle size of 0-1.25 mm (CW).

- An additive for micro-reinforcement of cement paste (AMRC), which consists of glass
fibers shortened to 0.1-0.45 mm with a diameter of 9-13 microns (initial length 12 mm).
This additive was produced in laboratory conditions during research.

- CENTRILIT FUME S is an aqueous suspension of microsilica and Aerosil with an
optimal particle-size distribution produced by MC-Bauchemie.

- The superplasticizing additive “MC-PowerFlow 3100”.

The need to create and use the AMRC additive is associated with the presence of thin
partitions in the developed products, which cause the fragility of the hollow concrete blocks.
At the same time, the concrete mixture must have high fluidity and penetration capability,
which does not allow the use of traditional types of fibers. The proposed reinforcement
solution was to reduce the fiber length with the transfer of its effect to the large-scale level
of cement paste. This made it possible to partially achieve the main positive effects of a
dispersed reinforcement of self-compacting concrete mixtures without compromising their
unique properties.
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The AMRC additive was obtained by joint mixing and grinding in a ball drum mill of
quartz sand and glass fiber with a mass ratio of components of 2:1. Here, sand particles
acted as small-sized grinding bodies, transmitting the effect of the main grinding bodies
directly to the fibers. Due to this, a decrease in fiber length occurred, depending on the
duration of processing. In addition, sand grains were partially crushed and subsequently
acted as an additional fine filler in the concrete mixture and prevented the clumping of
fiber fibers. Quartz sand was used as a fine aggregate, the granulometry of which is shown
in Table 2.

Table 2. Granulometry of quartz sand.

Sieve Opening, mm 0.16 0.315 0.63 Fineness Modulus
Partial residue,% 41 45 14 14
Total residue, wt. % 100 59 14 ’

To give the required configuration to the experimental samples, polymer formwork
and molds were used. As part of laboratory experiments, the production of disposable
formwork and void formers was carried out using the FDM 3D-printing method. PLA
material was used as filament. The production process of void formers is shown in Figure 2.

Figure 2. Production of void formers using a 3D printer.

As a criterion for assessing the effectiveness of using Portland cement in concrete
(CEUC—=riterion of effectiveness of using clinker), the ratio of concrete strength (at 28 days)
to the specific proportion of clinker was adopted, i.e., this is the strength value provided by
1% of clinker (CC—clinker component) of the total weight of solid components in concrete
(specific strength, MPa per 1% of CC). This criterion allowed us to select the most effective
solutions for different strengths. The CEUC criterion or specific strength was calculated
using the formula:

CEUC = Ry3/CC, 1)

where CC is the clinker proportion in concrete to the total weight of its solid components,
in wt.%; Ryg is the compressive strength of concrete after 28 days, in MPa.

3. Results
3.1. Justification of the Idea
Most wall blocks nowadays manufactured are made from the following two types of
lightweight concrete:
- Cellular concrete;
- Concrete containing porous aggregates.

The blocks made of cellular concrete are the most consistent with the considered
resource-saving criteria. Due to the peculiarities of the technology and structure, they have
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minimal filling of the section with concrete and are characterized by good thermal perfor-
mance. However, the technology for manufacturing cellular concrete is quite complex and
energy-consuming (grinding of components, autoclave processing), and attempts to im-
prove the ratio of strength and thermal conductivity further aggravate these disadvantages
and have a certain physical limit.

The production of wall blocks based on lightweight concrete with porous aggregates, on
the contrary, is simple and provides acceptable results, but a further decrease in thermal con-
ductivity without loss of strength is limited by the density and strength of porous aggregates.

In addition, the optimization of the properties of lightweight concrete is always com-
plicated by the presence of a negative feedback between strength and thermal conductivity
(or average density), and the efficiency of wall masonry made of concrete blocks is further
reduced by the use of cheap but low-effectiveness masonry mortars.

In light of the above, the idea of improving the quality of structural and thermal
insulation wall blocks by increasing the proportion occupied by voids in them, while
reducing the thickness of the walls and increasing their density, seemed promising, as
shown in Figure 3. This could be achieved by manufacturing these wall blocks using
high-strength self-compacting concrete mixtures poured into molds containing special non-
removable cores that formed the required volume and shape of voids in the final concrete.

23 MM

Equal load-

bearing capacity

Figure 3. Visualization of reducing the material consumption of concrete products due to the use of
high-strength concrete.

The use of polymer void formers of various configurations ensured the formation of
the required topology of the block structure and, if necessary, a butt connection system of
the “Lego block” type.

This approach made it possible to clearly distribute the structural and thermal insula-
tion functions between structural elements (concrete walls and air voids), which simplified
the design and optimization of the block properties.

The use of high-strength concrete of at least strength grade B90-B100 to obtain thin-
walled hollow blocks opened up the possibility of reducing the thickness of partitions
compared to traditional concrete of strength grade B5-B20. This allowed us to significantly
reduce the degree of filling of the section with the most expensive and resource-consuming
raw component by reducing the thickness of the walls to 5-10 mm, and the thickness of
the internal partitions to 3-5 mm. This also reduced the weight of concrete-based blocks,
making them more convenient to use.

An important advantage of the proposed technology is that the use of highly fluid
self-compacting concrete mixtures and 3D additive technologies for the production of
void formers makes it possible to obtain almost any configuration of the internal space
of the final concrete material. This will make it possible to implement in real products
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structures created by computer modeling methods that minimize thermal and acoustic
flows, uniformly distributing internal stresses.

3.2. Composition and Properties of Self-Compacting Concrete

For the manufacture of hollow concrete blocks with thin walls, mixes of self-compacting
fine-grained high-strength concrete (1-3), shown in Table 3, were used, and their properties
are given in Table 4.

Table 3. Mixes of self-compacting fine-grained high-strength concrete.

Mix Composition

Water/Binder Binder: Quartz

Mix ID icizi .
‘x Binder ID Superplasticizing  \\rpc o, Microsilica, % Ratio Sand
Additive, %
1 20 -
2 Composite binder * 15 10 5 0.22 11
3 - -
Control CEM I142.5N - 10 - 0.45 1:3
* Composite binder composition: CEM II/A-P 42.5N-70%; CW—30%.
Table 4. Properties of self-compacting fine-grained high-strength concrete.
Parameters of Fresh Parameters of the
Parameters of Consolidated Concrete Efficiency of Using
Concrete
Portland Cement
2 .
o0 ®? )
: . F 4
OO ¥ 5 8 T e 59
2 g g o g R = 3 = = g 2 g s
= 5§ <5 3% s £ = g E § 3 2 -
g > 5E OC 3 s O ®» 5 2 0z £ o
= 20 2 s o= < 5 % ) ® S =
3 £ e g A 3 = % 5 g 2 & 2 5 A
< £ £ S o v g » c < 2 P Y
= A g g & > = ] £ = = O &
S S S = 2 @ 8 £ 2 = O S
= :< g g = 7 < E
=3 < £ 2 = g
o g )
£ 8 g
S o =2
1 2 3 4 5 6 7 8 9 10 11 12 13
1 PK2 68 V2 2400 145 B110 0.17 0.08 2.9 >100 25.3 5.7
2 PK2 67 V2 2455 160 B120 0.17 0.07 21 >100 26.9 5.9
3 PK2 70 V2 2463 162 B125 0.15 0.09 3.0 >100 31.7 5.1
4 not applicable 2085 43 B30 0.11 0.44 10.6 100 225 1.9

These concrete mixes were developed as part of previous research [19,20]. The main
component of self-compacting high-strength concrete was a composite binder with the
following component ratio: Portland cement (CEM I/ A-P 42.5N)—70%; recycled heavy
concrete products of a fraction of 0-1.25 mm (CW)—30%, which is produced by their joint
grinding. The specific surface area of the resulting composite binders was 490-530 m?/kg.

The strength of the consolidated composite binder (without the use of sand) was
96.7 MPa at a water /binder ratio of 0.22. The compressive strength of the composite binder,
at a cement/sand ratio of 0.305 (ensuring a standard mixture consistency) was 58.3 MPa.

In this study, cement type CEM II/A-P 42.5N with increased sulfate resistance was
used, containing about 10% (by wt. %) of natural pozzolana (opoka) (Table 1). This choice
was justified by the need to ensure maximum binding of free Ca(OH); released during the
hardening of the C3S and C,S phases to obtain durable high-strength concrete and increase
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the efficiency of using the clinker component. The presence of natural pozzolana in cement
reduces its cost, clinker component, and makes it possible to reduce, and in some cases,
completely avoid the use of microsilica additive, which have a high cost and complicate
the technology.

Portland cement CEM I42.5N was used to produce the ordinary fine-grained concrete
as a control (Table 4, Mix 4).

A new solution aimed at increasing the efficiency of using the clinker and reducing
the fragility of high-strength concrete was the use of micro-reinforcing additives. The
micro-reinforcing additive used in the study was a glass fiber with a fiber length of 12 mm,
which was reduced to 0.1-0.45 mm by mechanical processing in a ball mill together with
quartz sand. The microstructure of Mix 1 (Table 4), containing a micro-reinforcing additive,
is shown in Figure 4.

\ Concrete

w7

Concrété

§

MIRA3 TESCAN  View field: 100.0 pm MIRA3 TESCAN _ View field: 10.00 ym Det: SE MIRA3 TESCAN
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Figure 4. Structure of high-strength fine-grained concrete with a micro-reinforcing additive.

Fractionated quartz sand, the granulometry of which is presented in Table 2, was used
as a fine aggregate in concrete.

The resulting concrete mixtures had a very high fluidity, necessary for the manufacture
of blocks with thin walls, and at the same time had a high compressive strength of over
140 MPa. These characteristics explained the absence of filler or fiber particles larger than
0.6-0.8 mm in the mixtures. The microstructure of the resulting concrete, shown in Figure 4,
was characterized by a high density and good adhesion of the cement paste to the aggregate
and fiber and a fairly uniform distribution of micro-reinforcing fibers.

An important environmental feature of the developed concrete was the high effi-
ciency of using the clinker component (CC proportion) in comparison with traditional
fine-grained concrete (Mix 4), expressed by the CEUC parameter (Table 4, columns 12
and 13) of 1.9 MPa. The high-strength concrete used in the study (Mixes 1, 2, 3) had
CEUC values above 5.1 MPa/1%, which increased with the introduction of microsilica and
micro-reinforcing additives.

Thus, the developed high-strength self-compacting fine-grained concrete had all the
characteristics necessary to obtain energy- and resource-saving thin-walled blocks with
complex configurations, such as the following;:

- High fluidity and absence of large particles in the mixture;

- Strength grade over B110;

- Increased impact strength;

- Efficiency of cement use 2.5-3 times higher compared to ordinary concrete.
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3.3. Creating the External Configuration and Partitions of the Block

Traditional methods of manufacturing wall blocks involve the use of special molds
or press molds, which specify the required dimensions and configuration of the final
products. They make it possible to produce compact or hollow products with several
standard configurations (depending on the forms used) with quite thick walls. The high
wall thickness (more than 15-20 mm) is due to the relatively low strength of the concrete
used, the presence of large particles of porous aggregate, and the low formability of the
mixture. Also, the reason for the formation of thick walls is the need to immediately demold
the block when using the vibration compaction method, or for a block that has not reached
the stripping strength after 1-2 days, when using plastic mixtures.

To implement the proposed concept of thin-walled or hollow concrete blocks, with
maximum use of the advantages of self-compacting high-strength concrete, the focus was
on the use of non-removable polymer void formers produced using 3D printing with the
FDM method (Figure 2).

In the case when it is necessary to produce blocks (or samples) of standard sizes, using
the FDM method, only void formers are produced, which, during molding, are placed in a
collapsible metal mold (Figure 5).

Figure 5. Polymer void former and metal cube mold 70 x 70 x 70 mm with installed void formers
prepared for molding.

In the case where it is required to manufacture a product with a non-standard shape
or size, the entire disposable formwork (Figure 6), consisting of external walls and internal
partitions, can be printed using the FDM method and a 3D printer.

Figure 6. Disposable polymer mold for producing blocks of free configuration.

The process of direct production of concrete blocks using the developed technology
is very simple. The prepared high workable concrete mixture is poured into any zones
of the future wall of the concrete block through a special tray, as shown in Figure 7a. If
possible, to speed up the process, it is advisable to supply the concrete mixture to the zone
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where several channels intersect or simultaneously pour it into several zones of the future
concrete product.

Figure 7. Molding and subsequent consolidation of hollow concrete blocks: (a)—pouring concrete
mixture into the mold; (b)—hardening of samples in water; (c)—hardened samples ready for testing.

Under gravity, the concrete mixture, like any ordinary liquid, is uniformly distributed,
filling the entire available volume. Pouring the mixture through a tray is necessary to
remove more air bubbles from the concrete mixture. Otherwise, air bubbles trapped in the
lower part of the product, due to the high viscosity of the mixture, do not have time to rise
to the top before the concrete begins to set, which deteriorates the quality of the resulting
hollow concrete block.

An important advantage of high-strength concrete is the high rate of hardening in the
initial period, which is achieved without the use of accelerating additives or heat treatment.
Depending on the air temperature in the laboratory, 12 h after molding, the concrete reaches
a strength of 20-25 MPa, which is enough to demold block with simple configuration
without the risk of damage. If the hollow concrete block has a complex configuration
and has thin protruding parts, then demolding (including removal of the outer polymer
shell) is recommended after 2-3 days, when the strength is 50-60% of the designed one.
This helps reduce the risk of damage to the thinnest parts and front surfaces of the hollow
concrete block.

The final stage of solidification of the hollow concrete block can occur either in aero-
aquatic conditions or in a water environment, as shown in Figure 7b. The strength of
concrete, hardening under the above-mentioned conditions at a temperature of 20 & 2 °C,
after 5 days, was more than 70% of the 28-day value, which would allow the blocks to be
immediately sent to the stockroom or to the consumer. Due to low water absorption, up to
3% (Table 4 Column 10), and low content of concrete matrix, hollow blocks do not require a
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drying procedure even after curing in water. It is enough to remove water from the void
formers if they have horizontal partitions or have a bottom.

Thus, the use of high-strength concrete, within the framework of the proposed concept
to increase the efficiency of wall concrete blocks, provides an additional reduction in
energy consumption and CO; emissions due to the elimination of the heat treatment of
concrete blocks.

Polymer void formers are not removed from the resulting concrete blocks, and during
their subsequent service, they help improve the thermal insulation characteristics of the
blocks. Due to the presence of a partition system inside the void formers, the total volume
of the cavity in the block is divided into separate chambers, which helps reduce the intensity
of convection heat transfer. At the same time, there are no significant concerns about the
possible migration of volatile substances from the polymer void former into the interior
space of the room due to the low porosity and permeability of the high-strength concrete
matrix in the block.

3.4. Opportunities, Prospects, and Challenges of the Technology

The small thickness of the walls and partitions of the developed hollow concrete
blocks initiates problems of connecting them into a single structure. The basic method
seems to be the use of the “Lego-block” connection principle. For this, the studied thin-
walled blocks were equipped with a butt connection system, which consisted of concrete
X-shaped protrusions at the top of the internal partitions. At the bottom of the blocks,
corresponding recesses were made. The production of X-shaped joint elements was carried
out by modifying the configuration of polymer void formers (Figure 6), and the concrete
blocks were molded upside down. Figure 8 shows options for the linear and angular
assembly of several blocks into a fragment of a wall structure. The proposed method
ensures easy and precise placement of blocks in the wall structure and their good horizontal
shear resistance.

(b)

Figure 8. Hollow concrete blocks connected with a “Lego block-type” principle: (a)—products with a

connection system based on the “Lego block-type” principle; (b)—assembling blocks into a linear
structure; (c)—assembling blocks into an angular structure.

To ensure the possibility of building walls with a more complex configuration, it is
necessary to expand the list of elements used, in particular, the following ones:

- Half blocks—to build door and window openings;

- Blocks for creating angles of 30 and 45°;

- Blocks without an upper X-shaped projection for the top row of masonry, including
reinforced ones, for supporting floors and other horizontal elements.

To seal and strengthen masonry joints, commercial adhesive compositions suitable for
concrete or special ones developed based on organic and mineral components can be used.
In some cases, wall blocks can be used without gluing, while forming a reliable structure
only due to the butt connection system. For example, this method can be very useful for
temporary zoning of space when arranging various events (for example, exhibitions) in
large rooms.
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The most important advantage of the developed technology is the ability to create
wall structures with free configuration: variable cross-section, bending at any angles with
any radii, etc. This possibility is achieved by dividing the digital model of a curved linear
wall into separate sections—blocks with any configuration. Based on the developed digital
models, a special mold is made for each block using the 3D printing method, where a
concrete block based on a self-compacting concrete mixture is molded by pouring. The final
stage is the assembly of the wall structure from the resulting blocks at the construction site.

Nowadays, the proposed technology for manufacturing walls with a free configuration
can only compete with the 3D-printing construction method. This method is extremely
promising. However, its classical application cannot ensure the efficiency of cement use,
strength, and other performances corresponding to concretes with a quality grade of B100
and higher, which are used in the proposed technology.

Another advantage of the proposed technology compared to the 3D-printing method
is the high-quality and durable front surface of concrete blocks, which does not require
additional finishing or protection. To further improve the decorative effect of hollow
concrete blocks, they can be made of white or volume-colored concrete, and their surface can
be textured to resemble traditional wall materials, complemented with decors, monograms,
logos, information inscriptions, etc.

The two methods of implementing the technology described above can be successfully
combined with each other. For example, non-standard design elements can be added to a
structure made from standard Lego blocks to increase its architectural expressiveness, and
the internal free-form walls of the building can be made of standard Lego blocks. However,
to implement these capabilities, it is necessary to create special software products and
additional design work.

One of the most controversial aspects of our technology is the cost and speed of
production of polymer void former or disposable molds. The production rate of a void
former using a small 3D printer is slow and requires expensive filament with high power
consumption. For the industrial implementation of the technology, it is necessary to
develop specialized energy-efficient 3D printers with high speed for thermal printing of
polymer void formers. Moreover, as a raw material for void formers, various wastes that
require recycling should be used, such as polymer bottles and utensils, reused fragments of
disposable forms, and other plastic waste. The above issues require appropriate specialized
research and unfortunately do not fall within the competence of the authors.

When producing thin-walled blocks with standard dimensions, an alternative solution
to the use of the FDM method is the production of non-removable void former from
extruded polystyrene foam (XPS) with enough strength and low thermal conductivity. Such
void formers can be used in combination with reusable metal molds, as described above.

Another problem that requires attention is the development of a rational configuration of
walls and internal partitions in blocks to ensure, with a minimum proportion of concrete in the
block, the best combination of structural, heat-insulating, and sound-proofing characteristics.

To assess the potential of the proposed technology, the data presented in Table 5 can
be used.

For a comparative assessment, we used data on lightweight concrete-based blocks
of the same dimensions obtained in other studies. Block D was made on the basis of
large-pore expanded clay concrete [24] with the same average density as blocks A-C,
and block E was a cement foam concrete-based block with a lower average density [25].
Since the compositions of all concrete blocks are known, the CC and CEUC parameters
were calculated. Based on [26], the CO, emissions resulting from the manufacture of each
block were calculated, including those related to its strength. Based on the data in Table 5,
the proposed technology, in comparison with the technology for expanded clay concrete,
provided an absolute reduction in CO, emissions by 10-15%. The relative reduction in
carbon dioxide emissions, taking into account the 1.5 times higher strength of samples A-C,
was more than 2 times.
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Table 5. Characteristics of hollow concrete blocks with different configurations of void formers.

) Voids’ Average Densi Compressive
=1 ge Density,
o] Cross- Proportion kg/m3 Strength olf Hollow CO; Emission, g:
E Void Former Section Weight,  in Hollow Concrete Block, MPa cc o CEUC per Block 7
e Configuration 2 Wall Holl . MPa/1% X 7 x 7 cm,
= Area, mm 8 ONOW — Concret 5 28 ’
] Concrete Concrete oncrete per 1 MPa
5 o, Matrix Days Days
S Blocks, % Block y y
/
Z ; ; 25
A / \E 1478 287 70 858 2474 9.8 13.1 0.89 o5
/" N\ J .

K\‘/ 326
B ) 1478 288 70 840 2484 10.9 14.6 14.8 0.99 i
C 1470 280 70 816 2506 123 16.4 1.11 %
D 4900 287 65-67 820 - 5.8 9.2 17 0.54 %
E 4900 189 82 550 - 0.72 19 67 0.03 %9

51

In accordance with the data in Table 5, cross-section areas for blocks A—C were similar.
At the same time, in block A, the outer walls had the same thickness, but in blocks B and
C, the thickness varied. In block B, the weight of the concrete matrix was shifted to the
centers of the lateral sides, and in block C, to the corners. A more rational distribution
of the concrete matrix made it possible to increase the strength of the blocks, and hence
the efficiency of cement use by more than 20% with almost the same consumption of
concrete mixture and constant external dimensions of the blocks. At the same time, the
manufacturing technology for all blocks was the same, since the main labor intensity took
place at the digital modeling stage.

Similarly, by changing the configuration of the walls and partitions of the blocks,
their thermal insulation and acoustic properties could be optimized using various modern
theoretical and computational models. However, within the framework of this research,
the issue of rationalization of sections in blocks was not specifically studied, since it did
not fall within the scope of the authors’ competence.

Thus, the proposed technology is a universal tool for the production of concrete
products with any configuration and complex rational sections, inaccessible to most existing
technologies. Its use is a link in a chain of ways aimed at minimizing CO, emissions (or
carbon footprint) during the production and service of concrete building products.

4. Conclusions

1.  Global CO; emissions can be significantly reduced by increasing the efficiency of
production and the use of Portland cement-based building materials. As a new idea,
a rejection of the manufacture of wall blocks from structural and thermal insulating
lightweight concrete was proposed, in favor of hollow blocks made from high-strength
fine-aggregate concrete, produced using the most advanced technical solutions. This
made it possible to increase the efficiency of using Portland cement by 2-2.5 times
compared to that in ordinary concrete.
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2. The maximum reduction in the thickness of walls and partitions and ensuring a
rational configuration provided enough strength, minimal conductive and convection
heat transfer of the concrete used, with a maximum volume of voids, and low material
consumption and weight of the wall block. This approach made it possible to easily
rationalize the block cross-section to increase the efficiency of using Portland cement,
including by reducing the volume of concrete mixture in the block.

3. The use of the FDM 3D printing method allowed the production of disposable form-
work or void formers for the production of hollow concrete blocks with a free configu-
ration of walls and partitions in a horizontal section. Due to this, it became possible to
use at each zone of the section the minimum amount of concrete necessary to bear all
design loads, taking into account the standardized coefficient of safety. At the same
time, varying the configuration of the cross-section in blocks had virtually no effect
on their manufacturing technology.

4. The simplicity of wall blocks’ production with a free cross-section configuration allows
the developed technology to compete with the 3D printing method in the production
of building structures with a free configuration.
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