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Abstract: Industrial and construction wastes make up about half of all world wastes. In order to
reduce their negative impact on the environment, it is possible to use part of them for concrete
production. Using experimental-statistical modeling techniques, the combined effect of brick powder,
recycling sand, and alkaline activator on fresh and hardened properties of self-compacting concrete
for the production of textile-reinforced concrete was investigated. Experimental data on flowability,
passing ability, spreading speed, segregation resistance, air content, and density of fresh mixtures
were obtained. The standard passing ability tests were modified using a textile mesh to maximize
the approximation to the real conditions of textile concrete production. To determine the dynamics
of concrete strength development, compression and flexural tests at the ages of 1, 3, 7, and 28 days
and splitting tensile strength tests of 28 days were conducted. The preparation technology of
the investigated modified mixtures depending on the composition is presented. The resulting
mathematical models allow for the optimization of concrete compositions for partial replacement
of slag cement with brick powder (up to 30%), and natural sand with recycled sand (up to 100%)
with the addition of an alkaline activator in the range of 0.5-1% of the cement content. This allows
us to obtain sustainable, alkali-activated high-strength self-compacting recycling concrete, which
significantly reduces the negative impact on the environment and promotes the development of a

circular economy in the construction industry.

Keywords: self-compacting concrete; fine grade concrete; brick powder; recycling; alkaline activator;
experimental—statistical modeling; optimization; CO, emission

1. Introduction

The increased rate of industrialization makes it necessary to pay special attention to the
recycling of industrial and construction wastes. This approach favors the development of a
sustainable construction ecosystem, which helps prevent negative environmental impacts,
in particular, reducing CO, emissions. From the point of view of the circular economy and
existing knowledge in the field of concrete and cement technology, alternative binders of
man-made origin are of particular interest [1-3]. These materials have so-called hidden
hydraulic (pozzolanic) properties. The peculiarity of their chemical composition is the
increased content of amorphous silicon dioxide (SiO;), aluminum oxide (Al,O3) and iron
oxide (Fe;O3) of not less than 70%, which, interacting with free lime Ca(OH); during
cement hydration, forms additional hydrate C-S-H phases, which provides an increase
in the mechanical properties of cement concrete [4—6]. The most widespread pozzolanic
materials of anthropogenic origin are microsilica, fly ash, and blast furnace granulated slag.

As a result of the closure of the coal industry in Germany in 2018, such pozzolanic
material as fly ash has become scarce. The declining trend of fly ash utilization in cement
and ready-mix concrete production started from 1999 to 2009. During this period, the
application of fly ash declined by 36.9%. According to the data [7], the remaining fly ash
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stockpile in Germany in 2020 was 1.3 million tones, which will be used up by the end of
2025 [8]. At the same time, due to increasing energy costs [9], there is a tendency to reduce
smelting operations. For example, steel production in 2023 decreased by 4% and electric
arc furnace production by 20% [10]. In turn, this may lead to a decline in producing an
active mineral additives such as microsilica. Blast furnace granulated slag is relatively
available at the moment, but the shortage of fly ash and microsilica on the local German
market requires the search for new sources of supplementary cementitious materials. For
this reason, industrial waste such as brick powder (BP) is of interest. According to [11],
there are about 80 members of this industry in Germany who are potential producers of BP,
which can be used as a partial replacement for cement in concrete production. At present,
there is no unified recommendation for the use of this industrial waste in the concrete
industry, but several studies have noted its effectiveness.

1.1. BP for Cement Replacement in Concrete Production

In [12], it was reported that up to 15% of pozzolanic cement can be replaced with
BP for the production of C20/25 concrete. The maximum grain size of the BP used did
not exceed 75 pm. The experiment in [13] demonstrates the effectiveness of substituting
ordinary Portland cement with up to 25% BP with a grain size not exceeding 60 pum.
However, it is important to maintain a W/C ratio of 0.26 and a sand ratio of 33%. Concretes
with compressive strength of at least 50 MPa and flexural strength of 10-12 MPa were
obtained. The authors of [14] achieved concrete of class C16/20 on ordinary cement at
partial replacement with BP 5%. Further addition of BP negatively affected the compressive
and splitting tensile strength but increased the flexural strength by 5% when 10% BP was
used. It has been observed that the workability of concrete mixtures decreases by more than
35% when only 5% BP is introduced. The authors of [15] demonstrated the positive effect
of replacing 10% of ordinary cement with BP and the design concrete compressive strength
was 34.2 MPa, higher compared to the control one of 30.8 MPa; in addition, the splitting
tensile strength was also higher—3.4 MPa for the modified concrete and 3.1 MPa for the
control. In turn, [16] also confirmed the effectiveness of using 10% BP with a maximum
grain size not exceeding 75 um. The compressive, flexural, and splitting tensile strength
were greater than the control specimen’s by 9.7%, 11.8%, and 1.25%, respectively. Similar
results are reported in [17]. The workability of the concrete mixtures decreased to 6.1 cm,
while the control composition had a workability of 12 cm. The equal effect of exposure of
10% and 20% BP with a grain size of 90 pm was shown in [18]. The compressive, flexural,
and splitting tensile strength were higher than the base mixture’s by 9.4%, 5%, and 11.1%,
respectively. The self-compacting concrete (SCC) was prepared using 1-5% BP by weight
of cement. The maximum flowability (SF) of the fresh mixture was 688 mm at 2.5% and 5%
BP, and the maximum compressive strength at 28 days of 50 MPa was achieved at 1% BP
content [19]. In the study of cement-sand mortars, it was determined that BP can effectively
substitute cement in an amount of 15%. Thus, the compressive and flexural strength was
1.6 times higher than that of control compositions [20]. In the case of BP application in the
range of 5-50% for ultra-high-performance concrete (UHPC), the authors found that, in
all cases, the strength values decreased; however, the possibility of obtaining UHPC with
compressive strength not lower than 120 MPa and flexural strength not lower than 17 MPa
in 28 days of hardening is emphasized [21].

1.2. Recycling Aggregates for Concrete Application

Apart from the need to improve concrete production technology by using supplemen-
tary cementitious materials to control CO; emissions and reduce the energy consumption
of cement plants, there is another challenge in ensuring concrete quality, namely, the use
of recycled concrete aggregates. According to [22,23], the trend of concrete demolition
waste (CDW) continues to increase, and, already by 2025, the annual global volume will
increase to 2.2 billion tones. Consequently, a proactive approach to the reuse of CDW, e.g.,
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as aggregates for concrete production, as described in the programs detailed in [24], is
already necessary.

German standards [25-27] regulate the possibility of using recycled aggregates with
a coarseness of more than 4 mm for concrete production. Individual papers describe the
concept and technology of reusing CDW for sustainable concrete and building material
technology [28-31].

Among the negative aspects of using CDW as an aggregate, it is important to note that
it can lead to a drop in compressive strength when the quantity of recycling and the W/C ra-
tio increases [32-35]. The flexural strength decreases with an increasing amount of recycling,
but this decrease is less pronounced compared to that of the compressive strength [36-38].
At the same time, the effect of recycled aggregates on splitting tensile strength is ambigu-
ous. According to some sources, splitting tensile strength may increase [39-41], while
others claim a decrease in this index [42,43]. The workability of concrete mixtures based on
recycling aggregates tends to decrease according to [44,45].

The authors note the existence of a certain gap in knowledge and the lack of a regula-
tory framework for the design of compositions of recycling fine-grained concrete with a
maximum size of no more than 2 mm.

1.3. Alkali Activation Method for Recycling Concrete Properties’ Improvement

Based on the analysis of Sections 1.1 and 1.2, it can be concluded that the use of BP and
recycled aggregates is promising; however, without certain modifications of the concrete
composition, it is not always possible to achieve an increase in its mechanical characteristics
due to the structural features of the waste materials used. This limits the maximum
content of recycled materials in concrete compositions. To enhance the interaction between
components in concrete composites and improve their specified properties, it is advisable
to utilize alkaline activation (AA) methods. Basic materials acting as alkaline agents can
be sodium sulphate (Na,SOy), potassium sulphate (K;SOy4), sodium hydroxide (NaOH),
sodium silicate (Na;SiO3), sodium carbonate (Na,COj3), etc. [46-50].

The authors of [51] report that by optimizing cement-binder systems with active
mineral admixtures and recycled aggregate, it is possible to achieve a concrete strength of
50 MPa after 28 days of hardening. The combination of AA with man-made pozzolanic
materials significantly enhances the properties of modified concrete with 70% recycled
aggregates [52]. This provides a concrete compressive strength of at least 60 MPa, flexural
strength of at least 4.9 MPa, and splitting tensile strength of at least 3.7 MPa. Alkaline acti-
vation of hybrid recycled concrete allows for the utilization of 80-90% recycled aggregates
with a compressive strength of 47 MPa [53]. The compressive strength of recycled concrete
with AA and pozzolanic admixture was comparable to that of control concrete based on
slag cement, ranging from 30 to 45 MPa depending on the composition [54]. Combining
AA in certain proportions makes it possible to increase the strength of recycled composites
by 2.5-3 times [55]. In addition, studies emphasize the positive effect of AA technology on
creating new types of cement with the addition of BP [56-60]. This technological technique
significantly reduces CO; emissions in the concrete industry and can further reduce the
cost of finished products [61,62]. Also worth mentioning are new research approaches
using artificial intelligence to evaluate the effectiveness of alkaline activation procedures
on the change of the mechanical properties of concretes and to estimate the amount of CO,
emissions [63,64].

1.4. Methods of Optimal Experiment Planning for Multifactor Composite Systems

The data mentioned above demonstrate the versatility of concrete compositions, which
can be achieved through the use of different modifications such as BP, recycled aggregate,
and AA. However, the majority of the mentioned studies are from the point of view of
studying the complex influence of factors on the properties of the investigated concretes.
This fact limits the idea of the effectiveness of the complex influence of factors in the
composition of concrete on the change of its properties and parameters.
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To solve this problem, it is advisable to apply methods of experimental-statistical
modeling [65,66]. This allows for the minimization of the number of full-scale experi-
ments in multifactor systems (input parameter X,—amount of cement, recycled aggregate,
AA, etc.) to determine their output characteristics (Y,—strength, workability, air content,
etc.) [67,68]. Based on the data obtained, it becomes possible to construct experimental mod-
els (ES-Models) that accurately depict the simultaneous influence of varying factors on the
properties of concrete composites. These models are utilized to optimize the compositions
for manufacturability, material consumption, and efficiency in a particular engineering
task [69-78].

1.5. Textile-Reinforced Concrete (TRC) and Its Production Methods

Advances in science and technology are changing the technological approaches to the
design and manufacture of building structures. This makes it possible to obtain stronger,
more stable, and durable structures, to which TRC belongs [79-81]. This composite is
similar to steel-reinforced concrete in its mechanical principle of performance under load.
However, its main feature is the replacement of heavy steel reinforcement with light
reinforcing strands made of carbon, basalt, or glass. This allows for a significant reduction
in the thickness of the protective layer of concrete, as the textile reinforcement used is
unaffected by corrosion. In addition, these materials have increased strength characteristics
compared to steel, which helps to reduce the cross-section of structural elements and,
consequently, to decrease their material consumption. As a rule, the reinforcement spacing
of textile elements does not exceed 1-3 cm and their diameter does not exceed 1.5 mm. For
this reason, the maximum aggregate size for TRC should not exceed 4 mm. This will ensure
a high quality of monolithic behavior between the textile reinforcement and the concrete
matrix [82-84].

The traditional method of TRC production is lamination [85]. In this method, a layer
of concrete is first placed into which the textile reinforcement mesh is then embedded.
This process is repeated until the desired structural thickness is achieved and is used to
produce simple structural elements. As this paper explores the development of concrete
for precast TRC structural elements, this method of production may not be rational due
to the complexity of the geometry of the elements (I-beam, T-sections, hollow elements,
etc.). Additional difficulties in production may be caused by the small distance between the
textile reinforcement meshes, which requires the development of high-strength concrete
mixtures with high rheological properties [86,87].

From the authors’ point of view, the use of fine-grained SCC can be a solution to this
problem. Additional optimization of the production process in terms of saving energy and
raw material natural resources, as well as reducing CO, emissions, is possible by replacing
the basic concrete components (cement and quartz sand) with BP and recycled sand (RS)
with additional AA to improve the properties of the investigated SCC. This literature review
shows the effectiveness of the separate applications of BP, RS and AA; however, there is
a significant lack of knowledge regarding the combined effect of these materials on the
properties of SCC. For this reason, this study aims to determine the combined effect of
varying factors (BP, RS, and AA) on the performance of fresh and hardened SCC for the
production of TRC precast elements.

2. Materials and Methods

The main binder for the production of self-compacting fine-grained concrete mixtures
was CEM III/ A 42.2 N produced by Heidelberg Materials AG according to [88,89]. For the
partial replacement of cement, 15 and 30% BP from red ceramic brick production waste
of Liicking GmbH & Co. (Warburg, Germany) were used. The waste ground brick dust
was used after sieving through a 63 um sieve so that the maximum grain size of the BP
was smaller than 63 um. The fine aggregate was quartz sand (QS) from the Rhine river of
fraction 0/2 [90] and recycling sand (RS) of fraction 0/2 from Heidelberg Materials AG
(Heidelberg, Germany). In Figure 1, the particle size distribution of QS, RS, and mixed



Materials 2024, 17, 6280

50f23

composition consisting of 50% QS and 50% RS are presented. The bulk density of QS was
1548 kg / m?3, and water absorption was 1.26%; RS—1288 kg / m?3, water absorption 1.76%;
the mixed composition of 50% QS and 50% RS—1438 kg/m3, water absorption 1.38%. The
filler was SH Compact material based on natural calcium carbonate, manufactured by SH
Minerals GmbH (Heidenheim an der Brenz, Germany). Polycarboxylate superplasticizer
(SP) MC-Power Flow 1102 [91] from MC-Bauchemie GmbH & Co. (Bottrop, Germany)
was used to achieve the design workability of SCC mixtures. Anhydrous sodium sulphate
(NazS0y4) in a quantity of 0-1% of the cement content, manufactured by Cordenka GmbH &

Co. (Erlenbach am Main, Germany), was used as AA. Tap water [92] was used for blending
the SCC mixtures.

100

o QS =-o-RS —e=50QS/50RS

Distribution, %

0 0.5 1 15 2

Sieve size, mm

Figure 1. Particle size distribution of fine aggregates: QS, RS and 50% of QS with 50% of RS.

The experimental-statistical modeling technique was used to study the fresh and
hardened properties of the investigated SCC. A three-factor experiment based on an optimal
fifteen-point symmetric plan was conducted. The following were selected as varying
factors:

X1—amount of BP (from 0 to 234.6 kg/m?);

Xp—amount of RS (from 0 to 1058 kg/m?);

Xs—amount of AA (from 0 to 7.82 kg/ m?).

Table 1 shows the compositions of the studied modified SCC using coded values of
the varied factors (—1—lower level, 0—average level, and +1—upper level of variation).
Different consumption of SP depended on the composition of the studied SCC to achieve a
slump flow (SF) in the range of 870-880 mm, with a constant W/C ratio of 0.27. The smaller
quantity of RS compared to QS per 1 m® of SCC is explained by the lower density of the RS.
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Table 1. Experimental plan and compositions of the investigated modified SCC.
No. of X1, Xz, Xz, Cement, Qs, Filler, SP, BP (X1), RS (Xp), AA(X3), Water, W/C
Mixture BP RS AA  kgmd kg/m®  kg/m®  kg/m3 kg/m3 kg/m3 kg/m?3 kg/m3

1 -1 -1 -1 782 1183 9.69 0 0 0
2 -1 -1 1 782 1183 9.75 0 0 7.82
3 -1 0 0 782 591.5 10.26 0 529 3.91
4 -1 1 -1 782 0 15.78 0 1058 0
5 -1 1 1 782 0 18.77 0 1058 7.82
6 0 -1 0 664.7 1183 10.32 117.3 0 3.91
7 0 0 -1 664.7 591.5 11.97 117.3 529 0
8 0 0 0 664.7 591.5 226 13.42 117.3 529 3.91 211.14 0.27
9 0 0 1 664.7 591.5 14.05 117.3 529 7.82
10 0 1 0 664.7 0 16.98 117.3 1058 3.91
11 1 -1 -1 547.4 1183 9.71 234.6 0 0
12 1 -1 1 547.4 1183 10.22 234.6 0 7.82
13 1 0 0 547.4 591.5 16.67 234.6 529 3.91
14 1 1 -1 547.4 0 16.91 234.6 1058 0
15 1 1 1 547.4 0 17.94 234.6 1058 7.82

To achieve high quality of the investigated SCC, its preparation was carried out
according to the following technological scheme:

- Preparation of sodium sulfate solution with 40% or 80% of mixing water (for the
amount of AA 3.91 kg/m> and 7.82 kg/m?, respectively). This consumption of
water was chosen based on the fact that anhydrous sodium sulphate was used in the
experiment, which has a water solubility of about 20%;

- Mixing of the required quantity of SP with the remaining amount of mixing water
(60% or 20%) when modifying the mixture with AA, or pre-mixing of SP with 100% of
mixing water for compositions without AA;

- Homogenization of cement, fine aggregate, filler, and BP for two minutes;

- Simultaneous mixing of dry mixed components with alkaline solution and water
solution with SP;

- Fresh concrete mixing for 10-15 min depending on the composition.

Each batch of manufactured concrete specimens was cured: during the first 24 h of
curing, while still in the formwork, a polyethylene film was used; after 24 h, the concrete
was demolded and placed in a normal curing chamber (t = 20 & 2 °C, relative humidity
65 £ 5%) until the day of testing [93].

It should be noted that, according to the requirements of the standards [94-96], concrete
mixtures can only be classified as SCC if the following parameters are met: filling ability,
passing ability, and segregation resistance. Special attention should also be paid to air
entrainment, which is recommended to be maintained within 2-5%, which can be explained
by the optimal relationship between the strength and durability of concrete [97-99].

2.1. Workability of SCC Mixtures (Slump Flow Test)

The key factor determining the workability of SCC mixtures is their ability to compact
under their own weight without vibration. For this purpose, the method in [100] was used
to determine the flowability of the tested SCC. A standard cone was filled in one approach
with the prepared SCC mixture without compaction. The cone was slowly lifted upwards
in a single movement, after which the time to reach the spreading diameter t500, then
the largest spreading diameter d; and the spreading diameter d, perpendicular to it were
recorded. The final slump flow (SF) diameter was defined as the average value between d;
and d;. Figure 2 shows the result of the SF of mixture No. 14. The obtained data on the SF
of the investigated SCC mixtures are given in Table 2.
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Figure 2. Flowability of SCC mixture No. 14 (SF = 878 mm).

Table 2. SF test results combined with open time tests of SCC mixtures (*-* means loss of self-

compacting properties of the mixture).

15 min 30 min 15 min 30 min 15 min 30 min

2 B 2 & 2
%) ~ =3 P
z . . . . g % B Y og 3 E § 0 fE F E B
% @ 2 2 =] =] b = © e K P
N = o = 3 £ 60 = 3 % E g S z
58 5 £ 2 £ 5 £ £ 2 2 F £ 5 F Z o I oz
z s 2 s L E 2 B 5 2 g £ £ p g P
= - X K B 2 & g

880 46 86 81 615 170 870 51 776 92 581 197 865 85 715 21.6 502 50.5
875 49 599 133 - - 865 5.6 - - - - 858 9.1 - - - -
874 65 603 151 - - 859 6.9 - - - - 849 108 - - - -

870 6.8 604 146 - - 861 7.6 - - - - 855 11.8 - - -

881 6.8 572 147 - - 869 7.5 - - - - 863 11.6 - - - -

878 63 798 84 667 137 864 69 763 95 625 160 855 109 690 249 526 444
875 85 774 107 522 158 859 98 740 129 490 - 851 152 655 285 412 -

873 94 824 115 634 253 81 103 782 131 592 238 854 159 724 251 513 479
868 8.6 - - - - 860 9.1 - - - - -
10 81 90 794 118 715 192 867 95 753 13.0 655 215 856 149 664 264 528 465
11 86 81 770 94 694 136 879 88 742 106 651 161 875 137 648 207 522 356
12 875 8.0 - - - - 868 9.0 - - - - -
13 882 77 82 95 736 154 870 83 796 106 680 174 865 131 726 238 570 418
14 878 98 - - - - 867  10.7 - - - - 860 16.6 - - - -

15 874 104 - - - - 863 11.2 - - - - 857 172 - - - -

O OO Ul WN —
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2.2. Passing Ability of SCC Mixtures (J-Ring Test)

Since the main area of application of SCC is densely reinforced structures, which
includes textile-reinforced concrete [87,101,102], the studied SCC mixtures were tested for
passing ability [103]. It should be noted that in addition to the standard test with J-ring
(Figure 3a), similar tests were carried out with modification of the J-ring with carbon textile
mesh (Figure 3b). This methodology helps to approximate the studied SCC to the real
conditions of concreting of TRC elements.

(b)

Figure 3. J-ring testing equipment: standard J-ring [103] (a), modified J-ring with carbon textile
mesh (b).

To determine the passing ability (PJ), the height difference between the concrete mix-
ture and the top of the J-ring (in the middle and two perpendicular directions—Figure 4a,b)
was determined. In addition, the SF and time t500 were recorded (Table 2). Based on the
data obtained, the PJ of the investigated SCC was determined, and the results are presented
in Table 3.

(a) ()

Figure 4. PJ test of SCC mixture Ne 12 (SFj-ring = 868 mm): midpoint measurment (a), measurement

at one of the characteristic points (b)
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Table 3. Test results of additional properties of fresh SCC mixtures.
No. of Mixture PJ, mm SR, % Fresh Density, kg/m3 AC, % Temperature, °C Mixing Time, min
1 1.5 12.3 2300 3.3 242 10
2 1.8 11.8 2320 21 249 12
3 2.0 12.2 2280 2.5 23.5 13
4 0.5 11.9 2240 4.7 24.7 15
5 15 11.8 2250 4.5 24.6 14
6 1.0 111 2240 3.7 227 12
7 2.0 14.8 2230 45 23.3 13
8 15 13.0 2250 3.5 23.8 10
9 15 11.9 2260 3.2 24.6 15
10 1.7 10.5 2230 4.6 24.0 14
11 0.5 11.5 2270 2.6 224 15
12 0.5 10.8 2260 2.3 23.1 15
13 0 11.1 2220 3.0 22.8 15
14 0.5 12.0 2210 4.2 23.7 14
15 17 11.6 2220 3.8 24.1 15

2.3. Working Life of SCC (Open Time)

The open time of the SCC mixtures during time determines the possibility of produc-
tion volumes of concreting considering technological pauses and changes in the conditions
of the work (for example, in the hot season), and allows researchers to take into account the
features of rheological properties of modified concrete mixtures with rapid strength gain
with the use of AA.

The authors conducted SF tests on the investigated SCC using a standard cone, stan-
dard J-ring, and modified J-ring (with carbon textile reinforcement) at 15 and 30 min after
the concrete mixtures were prepared. The results are summarized in Table 2.

2.4. Segregation Resistance Test

The resistance of the SCC mixtures to segregation is an important quality parameter
for assessing the water bleeding of mixtures, as well as the segregation of mortar and fine
aggregate. The segregation resistance of the studied SCC was determined according to the
method of the standard [104], but in our case, a finer sieve (2 mm) was used as the maximum
aggregate size of the examined mixtures was 2 mm. After mixing, the temperature of the
concrete mixture was determined. Further, given the peculiarities of preserving the open
time of the investigated SCC mixtures, they were kept for 7 min in the concrete mixer
under a covered film to avoid evaporation of moisture. Then, visual assessment of the
mixture condition was carried out for water bleeding. After that, the mixture was filled
into a prepared sieve with a container and allowed to stand for 2 min. As a result, the mass
of the concrete mixture passed through the sieve was recorded and segregation resistance
(SR) was determined. The results obtained are summarized in Table 3.

2.5. Fresh Density and Air Content Test

The density values of the fresh concrete mixture enable the prediction of the pressure
on the formwork during the concreting of structures [105]. The test was carried out
according to the standard [106]. The air content (AC) of SCC is an important parameter
that determines the quality of hardened concrete over time. By 1% of air content in fresh
mixture, the drop in the compressive and flexural strength of hardened concrete can be
3-5% [97-99]. The AC test was carried out according to the pressure method [107]. The
results obtained are shown in Table 3.

2.6. Hardened Properties of SCC

The following properties of hardened concrete were determined in this study: com-
pressive and flexural tensile strength at the age of 1, 3, 7, and 28 days, and splitting tensile
strength at the age of 28 days.
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2.7. Compressive and Flexural Strength (CS, FS)

Compressive strength and flexural strength are the most important characteristics
of concrete, reflecting its bearing capacity under the action of external load. For each
batch, three prisms with dimensions 4 x 4 x 16 cm were produced. Firstly, three-point
bending tests were carried out according to the method in [88]. After that, the remaining
half prisms of six pieces were used for compressive strength tests [88]. The results obtained
are summarized in Table 4.

Table 4. Experimental data of CS, FS and STS of investigated SCC at 1, 3, 7 and 28 days (‘%" denotes

standard deviation).

Density,

I\I/;Ii‘)’('h‘l’rfe CSi,MPa  CS3MPa  CS;,MPa CSy MPa FS;,MPa  FS;,MPa  FS;,MPa  FSy, MPa o2t o /m3y
1 317+064 6084065 745+112 835+113 54+037 96+056 1224017 128+043 524+ 033 2250
2 380+052 665+1.16 830+113 954+06 67+047 102405 135+054 145+067 633051 2290
3 4194077 712+103 887+092 993+115 80+016 115+031 145+040 149+044 684 + 0.44 2250
4 396+032 645+116 749+105 839+098 66+016 96+020 124+057 139+069 619+ 0.69 2180
5 418+106 6924066 835+-100 945+078 7.6+014 98+073 1294070 142+068 631 +0.55 2210
6 316+032 589+072 768+117 893+107 62+019 9.0+049 123+056 132+074 564024 2200
7 326+040 5914064 729+106 824+116 63+020 92+039 13.0+034 13.6+039 582 %059 2170
8 364+044 6344076 8L.0+L103 903+086 69+066 97+061 1314033 137+048 594 +0.23 2200
9 4174044 668+107 828+116 949+100 73+045 1034029 135+032 141+067 623 +0.33 2220
10 386+072 615+093 763+080 866+054 7.1+033 88+035 122+063 137+061 605+ 057 2170
1 280+ 048 4984064 635+115 7524112 514029 78+030 111+044 11.9+048 517 + 042 2200
12 30.1 £0.37 55.1 +£0.85 73.6 +0.84 899 +1.13 55+ 0.26 8.2 4+0.57 11.7 £ 0.28 134 £ 0.35 5.86 + 0.47 2220
13 305+039 513+057 67.6+£122 796+091 53+030 80+049 11.0+036 12.9+048 552 +0.39 2160
14 2414046 494+049 647+107 843+098 51+021 76+044 105+047 134+034 593 +0.68 2140
15 325+051 5814049 717+112 909+094 63+013 94+064 1254049 13.9+017 615+ 0.36 2170

2.8. Splitting Tensile Strength (STS)

The splitting tensile strength (STS) provides a more complete picture of the behavior
of concrete in flexural elements under tensile forces. This characteristic can be taken into
account when predicting the properties of beams under shear force [108,109]. To determine
this characteristic, three cylinders with a diameter of 100 mm and a height of 200 mm were
manufactured for each batch. After 28 days of curing, tests were carried out according to

the standard [110], as shown in Figure 5. The data obtained are summarized in Table 4.

Figure 5. Splitting tensile strength test (mixture No.

10).



Materials 2024, 17, 6280

11 of 23

3. Data Processing and Modeling

For the calculation and statistical analysis of ES-Models of the influence of various
composition factors on the SCC properties, the COMPEX dialog system was used. This
system was developed at the Odessa State Academy of Civil Engineering and Architecture
under the leadership of prof. Voznesenskiy [111].

The coefficients of the ES-Model were calculated considering the accepted experimen-
tal error at 10% two-sided risk, i.e., at a« = 0.1. For a given level of risk, after each calculation,
a test of the hypothesis regarding whether the difference in ES-Model coefficient differs
from zero was carried out, i.e., the significance of the coefficients was checked. To test
the hypothesis that the calculated coefficients b; are equal to zero, the Gaussian accuracy
criterion was used. The coefficients that did not differ from zero, i.e., were not significant,
were consistently excluded from the ES-Model. After excluding the insignificant coeffi-
cients, the model was automatically re-calculated and the test was repeated. After the
sequential analysis, the ES-Model with all significant coefficient estimates was checked for
adequacy by the Fisher criterion. If the Fisher criterion was lower than the critical value for
a given risk level, considering the number of degrees of freedom obtained, i.e., F; < Fe; (o,
f4¢, fe), the ES-Model was considered adequate, i.e., accepted for analysis and engineering
decision-making. When writing the polynomials of multifactorial ES-Models, a coefficient
equal to zero was written in place of the reduced insignificant elements, i.e., the value 0
was indicated.

4. Experimental Results and Analysis

Table 2 shows the obtained results of the SF and open time tests of the fresh SCC
mixtures. The main objective was to achieve SF in the range of 870-880 mm and to maintain
this value with the J-ring and J-ring with textile reinforcement test from 850 to 860 mm.
Based on this, further investigations were carried out on the open time of the SCC mixtures,
SR, AC, and determination of the density of fresh concrete.

4.1. Slump Flow, |-Ring Test and Working Life of SCC

ES-Models (1) and (2) describing the combined effect of varying factors on the flowa-
bility of SFy.ring and SFy.ting textile Mixtures were calculated from the data in Table 2. The
experimental error of model (1) was 2.37 mm and that of model (2) 2.98 mm. Using the
models, the corresponding response surfaces were generated (Figure 6).

SFy.ring (mm) = 860.51 +2.3X; — 1.9X; — 1.1X3 +3.21X,2 + 421X? £ 0X3% — 15X1Xp — 2.25X1X3 +25%X3 (1)

SFJring textile (Mm) = 852.43 + 3.0X; — 2.5X, = 0X3 + 5.43X;% + 3.93X,% £ 0X32 — 2.0X1 X — 2.0X1X3 +3.0X:X5  (2)

X, ,Recycling sand

X, ,Recycling sand
(kg/ma)

lkg/m’)

1058 1058

529

Alkaline
activator

Alkaline
0 activator

391
0 Brick powder R
X" (kg/m’) X (kg/m)

(@) (b)

Figure 6. Combined effect of SCC composition factors on flowability: SFy.ting (a), SF.ring textile (b)-
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Based on the data in Figure 6, we can see a slight decrease in the flowability of
the investigated SCC mixtures, which did not exceed 1.9% with SFjing and 2.9% with
SF]ting, textile compared to the SF test. In turn, the difference between the flowability results
with SFj1ing and SFyring, textile did not exceed 1.3%.

The diagrams show that the greatest effect on the reduction in flowability of mixtures
is an increase in the content of RS (X;) compared to QS. Thus, by using RS in the volume of
635-845 kg/m?, a decrease in flowability of about 10-12 mm is observed. This is explained
by the higher water absorption of this material compared to QS. However, this negative
effect can be levelled by the introduction of BP (X;) instead of cement in the quantity of
160-175kg/ m? in combination with the addition of AA (X3) in the amount of 1.6-2.3 kg/ m3.
It is worth considering the fact that increasing the concentration of AA solutions leads to
a decrease in the length of the plasticizer chain and reduces its efficiency [112-114], but
in our case, this is compensated by increasing the amount of SP with each increase in the
amount of AA, which can be seen in Table 1.

The spreading time t500 of SCC is also an important property that determines the
volume of concreting per unit of time and can contribute to the acceleration of the concrete
production process. To evaluate this parameter, ES-Models (3)—(5) were calculated describ-
ing the effect of factors on the t500 rate for SF, SFy.ting, and SFy ing, textile, respectively. The
experimental error was 0.47 s, 0.52 s and 0.74 s for ES-Models (3)—(5), respectively. Based
on these models, the corresponding response surfaces are plotted (Figure 7a—c).

SFis00 (S) = 8.36 + 144X + 1.09X, + 0X3 — 1.0X;2 — 0.45X,2 + 0.45X32 + 0X1 X0, 4+ 0X1X3 + 0X5X3 (3)

SFi500, Joring () = 9.04 + 1.53X; — 111X, = 0X3 — 1.13X42 — 0.53X,2 + 0.72X32 £ 0X1 X £ 0X: X3 £ 0XoX5  (4)

SFt500, J-ring textile (8) = 14.1 + 2.28X; + 1.59X; £ 0X3 — 1.7X;2 — 0.75X,% + 1.05Xz2 £ 0X1 X £+ 0X; X3 £ 0XoX5  (5)

Recycling sand

39
Brick powder
X (kg/m’)

(a)

2346

]X (kg/m’)
3

Recycling sand

(kg/m’) i
1058

Recycling sand

Alkaline
activator

Alkaline
activator

Alkaline

activator

]X (kg/m’)
3

Brick p.owder 0 Brick powder
X (kg/m) X (kg/m?)

(b) (c)

Figure 7. Combined effect of SCC composition factors on: SF t500 (a), SF t500y.ing (b), SF
lL'»L-)Oo]—ring textile (C)

Data analysis of the surfaces in Figure 7 shows the predicted reduction in the t500 rate
of the investigated SCC depending on the test method. Therefore, the decrease between SF
t500 and SF t500y.ring is 5.6-15.3% depending on the composition of the SCC, and between
SF t500 and SF t500y 1ing textile, it reaches 65.1-85.7%. In turn, the difference in the SCC flow
rate between SF t500) ring and SF t500]ying textile i in the range of 53.6-66.7%.

The greatest influence on the decrease in the flow time of SCC is the increase in the
amount of BP and RS. This is due to the reduction in the amount of liquid phase with
a declining mass of cement, and the rough surface of RS prevents the increase in the
spreading time of the mixture. To ensure the speed of the SF t500] ying textile Within 8-10's,

it is possible to partially replace cement with BP in the range of 90-115 kg/m3, as well as
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the use of RS in the volume of 370-475 kg/m? and the addition of AA in the amount of
3.2-5.1 kg/m?3. With the same compositional modifications, the SF t500 rate will be within
5-6 s and SF t500y.ying 67 s.

4.2. Working Life of SCC

To determine the effect of varying composition factors on the open time of SCC, it is not
possible to calculate adequate ES-Models due to the lack of a dataset due to the loss of SCC
properties of the studied mixtures, which are presented in Table 2. Nevertheless, analyzing
the data in Table 2 allows us to conclude that there is a negative effect of increasing the
quantity of each of the varying factors on the retention of the SF of the SCC over 15 and
30 min. To maintain the specified SF and spreading time properties of SCC, the amount
of AA should not exceed 3.91 kg/m?>. At the same time, it is possible to substitute cement
with BP in the amount of 117.3 kg/m? in combination with the replacement of QS with RS
in the volume of 1058 kg/m? or it is possible to increase the consumption of BP content to
234.6 kg/ m? with using RS in the volume of 529 kg/ mS.

4.3. Passing Ability, Segregation Resistance, Air Content, Fresh Density, Temperature and Mixing
Time of SCC Mixtures

Table 3 summarizes the results of experimental studies of the studied SCC: passing
ability (PJ), segregation resistance (SR), air content (AC), fresh density, temperature, and
mixing time.

The temperature of fresh concrete mixtures did not exceed 25 °C, which is satisfactory.
The mixing time of the mixtures to achieve the required rheological performance was in
the range of 10-15 min depending on the mixture composition. It should be noted that
as the volume of recycled materials increased, a decrease in the density of fresh SCC was
observed.

Based on the data in Table 3, ES-Model (6) was calculated for PJ, the error of the
experiment was 0.31 mm, and the obtained response surface is shown in Figure 8.

PJ (mm) = 1.65 — 0.41X; & 0Xp + 0X3 — 0.38X32 — 0.28X,2 & 0X52 + 0.25X; Xo — 0.38X;X5 &= 0XoX3 (6)

X, Recycling sand
(kg/m’)

529

Alkaline
activator

/;X (kg/m?)
3

3.91
234670 Brick powder

X1 (kg/m’)

Figure 8. Combined effect of SCC composition factors on PJ.
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The data in Figure 8 show that increasing the amount of BP instead of cement can
reduce the PJ value by 2—4 times to values of 1-0.5 mm. This is especially important for
densely reinforced structures with textile reinforcement. The positive effect of RS in the
volume of 480-610 kg/m? on PJ reduction should also be emphasized. With increasing the
AA dosage, the PJ did not exceed 2 mm, which meets the requirements [94-96].

To evaluate the effect of experimental factors on SR, ES-Model (7) was calculated; the
response surface is shown in Figure 9, and the experimental error was 0.49%.

SR (%) = 12.32 — 0.29X; & 0Xp — 0.48X5 — 0.52X;2 — 1.36X52 + 1.23X32 + 0.23X; X5 + 0X; X3 + 0X5X3 (7)

529

Alkaline
activator

— ;X3 (kg/m’)
7.82

Brick powder
(kg/m’)

Figure 9. The influence of SCC composition factors on SR.

From the data diagram, it can be concluded that partial replacement with BP slightly
reduces the SR of mixtures in the range of 2-3%. In turn, the use of RS in the volume of
6801058 kg/m? achieves an SR of about 12%, and modification with AA in the range of
3.12-5.8 kg/m3 can also reduce the SR to 11%. Considering that fine-grained mixtures are
used in this study, SR plays a major role in ensuring the quality of SCC. Accordingly, at
the optimum dosage of varying composition factors, this indicator can be in the range of
11-13%, which corresponds to the requirements in [94-96].

The AC of the investigated SCC was analyzed based on the calculated ES-Model (8);
the response surface is shown in Figure 10, and the experiment error was 0.35%.

AC (%) = 8.8 — 0.21X; £ 0Xp — 0.34X5 — 0.37X42 — 0.97X,2 + 0.88X32 + 0.16X1Xp = 0X; X3 & 0XpX3 (8)

The data in Figure 10 show the effectiveness of partial substitution of cement with BP
to reduce the volume of entrained air. Consequently, with an amount of BP in the range of
165-230 kg/m?, the AC of SCC can be in the range of 3-4.4%. Increasing the quantity of AA
also contributes to the reduction in AC, which, at a maximum consumption of 7.8 kg/ mS,
does not exceed 4.5%. The optimum quantity of RS is 210-625 kg/m?, at which the AC of
the mixture was 3.7-4.4%. Increasing the volume of RS above 625 kg/m? is not rational
due to the sharp increase in the amount of air in the fresh concrete.
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X, ,Recycling sand

(kg/m ‘

Alkaline
activator

— ;X3 (kg/m’)
.82

3.91
Brick powder
(kg/m?)

Figure 10. Effect of varying composition factors of SCC on AC.

4.4. Compressive, Flexural and Tensile Splitting Strength

Based on the experimental data from Table 4, ES-Models (9)-(12) were calculated for
CS at ages of 1, 3, 7, and 28 days, with corresponding experimental errors of 1.48 MPa,
1.38 MPa, 1.71 MPa, and 2.69 MPa. The response surfaces are reflected in Figure 11.

CS; (MPa) = 37.18 — 4.78Xy + 1.71Xp + 2.81X5 — 1.39X;2 — 2.47X,2 + 0X32 — 1.64X; Xy + 0X1X3 & 0Xo X3 (9)

CS; (MPa) = 63.02 — 6.83Xy + 1.07X5 + 3.22X5 — 1.64X;2 — 2.23X,2 + 0X32 + 0X1 Xz & 0X1 X3 £ 0X2X3 (10)

CS; (MPa) = 78.89 — 6.35X; & 0Xp + 4.39X5 — 1.46X;2 — 3.08Xp2 — 1.74X352 + 0X;Xp + 0X1 X3 + 0XoX3 (11)

CSys (MPa) = 89.31 — 3.69X; + 0Xp + 5.64X5 + 0X;2 — 1.97X,% + 0X32 + 1.35X; Xo + 0X1 X3 + 0XoX3 (12)

As can be seen from the diagram in Figure 11a,b, the obtained SCC can be classified as
fast-hardening. The early CS at the age of 1 day was in the range of 21-44 MPa (28-47%
of the design strength of concrete), and at the age of 3 days, it already ranged from 47
to 71 MPa (58-76% of the design CS) depending on the composition. So, at the partial
substitution of cement with BP in the amount of 110-130 kg/ m3 in combination with
replacement of NS with RS in the volume of 540-635 kg/m? and addition of AA in the
amount of 1.6 kg/m3, it is possible to obtain SCC with CS on the first day of hardening at
40 MPa, and to obtain concrete with CS not lower than 60 MPa on the third day of hardening.
Indicators of early strength are especially important in the production of precast elements of
reinforced structures, in particular, TRC. High early strength increases formwork turnover
and production volumes. Without achieving high early strength indicators, it is also
impossible to move large reinforced concrete elements for storage.
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X, jRecycling sand
(kg/m’)

Recycling sand

Alkaline Alkaline
activator activator

ZXB (kg/m’) ]3 (kg/m®)
2

234.6%
X1 (kg/m?) X (kg/m?)

(a) (b)

Recycling sand

X, JRecycling sand
(kg/m’)

(kg/m’)

Alkaline Alkaline
activator 0 activator

Figure 11. Combined effect of SCC composition factors on: CS; (a), CS3 (b), CSy (c), CSpg (d).

It is necessary to notice that the increase in the partial substitution of cement with BP
from 15 to 30% has a more pronounced effect of reducing early strength than in the case of
partial replacement from 0 to 15%. In turn, this is compensated by increasing the dosage
of AA, while the use of more than 75% of RS is not rational from the point of view of the
effect of this factor on the CS at the age of 1 and 3 days. A similar trend is observed for CS
at the age of 7 and 28 days (Figure 11c,d). Increasing the amount of AA to 5.45 kg/m? in
combination with cement replacement with BP in the quantity of 130 kg/m? in combination
with RS in the volume of 635 kg/m? allows us to obtain concrete with CS at 7 days of not
less than 72 MPa, and at the age of 28 days of not less than 90 MPa, which refers to the class
of concrete C60/70 [115].

ES-Models (13)—(16) with experimental errors of 0.3 MPa, 0.37 MPa, 0.35 MPa, 0.22 MPa
were calculated to analyze the influence of the factors on FS at ages of 1, 3, 7, and 28 days.
The response surfaces are shown in Figure 12.

FS; (MPa) = 6.94 — 0.71X; + 0.38X, + 0.48X3 — 0.42X3% — 0.45X,% £ 0X32 — 0.18X1Xp £ 0X1 X3 + 0XoX5  (13)

FS; (MPa) = 9.73 — 0.97X; & 0X + 0.43X5 % 0X42 — 0.74X,2 £ 0X52 + 0.19X; X, + 0.18X; X3 & 0XpX3 (14)

FS; (MPa) = 13.06 — 0.87X; £ 0X; + 0.5X3 — 0.3X12 — 0.63X52 +£0X32 & 0X1Xp £ 0X1X3 + 0XpX;3 (15)

FSys (MPa) = 13.85 — 0.47X; + 0.32X5 + 0.45X3 & 0X32 — 0.37X% & 0X32 + 0.16X; Xp & 0X1 X3 — 0.3XoX5  (16)
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Figure 12. Compound effect of SCC composition factors on: FS; (a), FS3 (b), FSy (c), FSyg (d).

The FS after 1 day of hardening was 5.1-8 MPa (37-53% of the FS strength at the
age of 28 days), and after 3 days of hardening, it was from 7.8 to 11.5 MPa (56-77% of
the design flexural strength at the age of 28 days) depending on the composition of the
examined SCC. The use of BP in the amount of 105-120 kg/m3 to replace cement with
the combined application of RS in the quantity of 750-960 kg/m? and the inclusion of
6.25 kg/m> AA allows us to obtain concrete with FS at 1 day of 7.5 MPa, and at 3 days
of not less than 10 MPa. It is important to emphasize that increasing the quantity of AA
up to 1% of the cement content increases the FS on the first day, and the use of AA in the
amount of 0.9-1% of the cement content does not increase this strength index at 3 days of
hardening. Accordingly, the use of more than 960 kg/m? of RS does not lead to an increase
in FS at the age of 1 day, and neither does the use of more than 590 kg/m?3 at the age of
3 days. At 7 days of hardening, the same tendency of RS influence on FS remains, and
increasing the quantity of AA increases this index. On the 28th day, the rational volume
of RS is 420-580 kg/m? in combination with AA up to 1% of binder mass. It needs to be
noted that the efficiency of BP without the use of AA sharply decreases in terms of flexural
strength at early and design ages.

For STS at the age of 28 days, ES-Model (17) was calculated with an experimental error
of 0.18 MPa. The corresponding response surface is presented in Figure 13.

STS,5 (MPa) = 6.07 — 0.23X; + 0.24X5 + 0.25X5 &+ 0X42 — 0.19X52 & 0X52 4 0X1 Xz & 0X1X3 — 0.18X,X5  (17)

As can be seen from the diagram, increasing RS and AA to the volumes of 690 kg/m3
and 7.82 kg/m3, respectively, has the greatest effect on increasing STS. Meanwhile, increas-
ing the amount of BP to a maximum number of 234.6 kg/m? of cement can reduce STS
index by no more than 6.5%. Since STS characterizes the behavior of concrete under tensile
stresses, the effect of varying factors on this characteristic is similar to their effect on FS.
Based on this, to achieve an STS of 6 MPa, there is a wide range of combinations of varying
factors. This makes it possible to reduce the amount of cement to 20-25% and effectively
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use 50 to 80% RS instead of NS, which has a positive effect on the resistance of flexural
elements in inclined sections under shear force [108,109].

X, ,Recycling sand
(kg/m’)

Alkaline
0 1= activator

0
X (kg/m’)
Figure 13. Simultaneous effect of SCC composition factors on STS.

5. Conclusions

The studies carried out using a three-factor optimal 15-point plan make it possible
to investigate the effect of varying factors on the properties of fresh and hardened SCC
for the production of textile-reinforced concrete. This contributes to the possibility of opti-
mizing SCC compositions by selecting the required quantity of brick powder to substitute
cement binder and recycling sand to quartz sand by using an alkaline activator. The main
conclusions of this study are as follows:

- For an efficient use of an alkaline activator, the need to increase the dosage of su-
perplasticizer to achieve the design flowability should be considered, as an alkaline
activator has a negative effect on the slump flow;

- The use of textile reinforcement in the J-ring test reduces the flow rate t500 by more
than 50% compared to the standard methodology;

- To maintain the fresh properties of the self-compacting concrete over time (up to 30
min), it is not recommended to use alkaline activator as more than 0.5% of cement
content;

- Considering the segregation risks of fine-grained self-compacting concrete, the ob-
tained ES-Models allow for the selection of concrete compositions with segregation
resistance in the range of 11-13% with the maximum permissible value of 15% [94-96],
which preserves its quality;

- Toprovide a balance between open porosity and strength of the modified self-compacting
concrete, the air content should be in the range of 2.5-4%;

- The use of recycling materials reduces the density of fresh and hardened concrete by
up to 7%, which reduces the overall weight of concrete structures;

- The calculated ES-Models enable the design of the compositions of self-compacting
concrete compressive strength classes C45/55, C50/60, C55/67 with high early com-
pressive strength not lower than 30 MPa at the age of 1 day.

Thus, on the basis of the experimental data obtained, it is possible to produce sustain-
able alkaline-activated self-compacting concrete with specified rheological and strength
properties. The cement saving can reach up to 30%, and the saving of natural sand sources
up to 100%.

Further research is planned to focus on the microstructural analysis and study of long-
term durability properties such as capillary water absorption, pore structure, carbonation
resistance, autogenous shrinkage, and drying shrinkage. Also, special attention should be
paid to the study of the influence of plasticizers with different polycarboxylate groups in
combination with different types of alkaline activators on the preservation of the rheological
properties of self-compacting concrete.



Materials 2024, 17, 6280 19 of 23

Author Contributions: Conceptualization, V.K. and J.O.; methodology, V.K.; software, V.K.; formal
analysis, J.O.; investigation, V.K.; writing—original draft preparation, V.K.; writing—review and
editing, ].O.; visualization, V.K; supervision, V.K. and J.O. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the Alexander von Humbolt Stiftung, Philipp Schwarz
Initiative. We acknowledge financial support by Technische Universitdt Dortmund within the funding
program Open Access Publishing.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting this study are available from the author on request.
The data are not publicly available due to restriction privacy.

Acknowledgments: The authors are grateful to Jan Skocek (Heidelberg Materials), Richard Lemke
(Liicking GmbH & Co.), Marc Kessler (MC-Bauchemie GmbH & Co.) and Sandra Schork (Cordenka
GmbH & Co.) for providing the materials for this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Siddique, R.; Khan, ML.I. Supplementary Cementing Materials; Springer: Berlin/Heidelberg, Germany, 2011; 288p. [CrossRef]

2. Chen, Z;Li, M,; Guan, L. Safety and Effect of Fly Ash Content on Mechanical Properties and Microstructure of Green Low-Carbon
Concrete. Appl. Sci. 2024, 14, 2796. [CrossRef]

3. Li, Y;Mu, X;; Zhang, Y.L.S.; Ni, W. Substitution of Blast Furnace Slag by Melting Furnace Slag as Active Component in Green
Concrete Application. Const. Buil. Mater. 2024, 449, 138509. [CrossRef]

4. Polanco, J.A.C. Pozzolanic Reaction of Supplementary Cementitious Materials; Technical University of Denmark: Kgs. Lyngby,
Denmark, 2021; 203p.

5. Sanytsky, M.; Kropyvnytska, T.; Ivashchyshyn, H. Sustainable Modified Pozzolanic Supplementary Cementitious Materials Based
on Natural Zeolite, Fly Ash and Silica Fume. IOP Conf. Ser. Earth Environ. Sci. 2023, 1254, 012004. [CrossRef]

6.  Lothenbach, B.; Scrivener, C.; Hooton, R.D. Supplementary Cementitious Materials. Cem. Concr. Res. 2011, 41, 1244-1256.
[CrossRef]

7.  Flugasche-Verfiigbarkeit, Logistik, Potential. = Available online: https://www.baumineral.de/news/p/Flugasche_-_
Verfuegbarkeit_Logistik_Potential_-_Stand_14_11_2011.pdf (accessed on 15 December 2024).

8.  Kohleausstieg: Keine Nebenprodukte Mehr fiir Die Bauindustrie. Available online: https://www.uniper.energy/news/de/
kohleausstieg-keine-nebenprodukte-mehr-fuer-die-bauindustrie (accessed on 15 December 2024).

9.  Bedeutung der Energieintensiven Industriezweige in Deutschland. Available online: https://www.destatis.de/DE/Themen/
Branchen-Unternehmen/Industrie- Verarbeitendes-Gewerbe /produktionsindex-energieintensive-branchen.html (accessed on 15
December 2024).

10. Ongoing Downturn in the German Steel Industry. Available online: https:/ /www.ferro-alloys.com/en/News/Details /323234
(accessed on 15 December 2024).

11. ZIEGEL. Available online: https://www.ziegel.de/ (accessed on 19 November 2024).

12. Letelier, V.; Ortega, ]. M.; Mufioz, P,; Tarela, E.; Moriconi, G. Influence of Waste Brick Powder in the Mechanical Properties of
Recycled Aggregate Concrete. Sustainability 2018, 10, 1037. [CrossRef]

13. Ge, Z.; Gao, Z.; Sun, R.; Zheng, L. Mix Design of Concrete with Recycled Clay-Brick-Powder Using the Orthogonal Design
Method. Constr. Buil. Mater. 2012, 31, 289-293. [CrossRef]

14. Salman, M.M.; Yousif, M.Z. The Effect of Waste Brick Powder as Cement Weight Replacement on Properties of Sustainable
Concrete. J. Eng. Sustain. Dev. 2018, 22, 116-130. [CrossRef]

15. Rahman, M,; Islam, M.; Ali, Y.; Islam, S.; Islam, S.; Gone, A.; Rahman, S. Experimental Study on the Use of Brick Dust as Partial
Replacement to Cement in Concrete. Int. Res. J. Mod. Eng. Technol. Sci. 2020, 2, 429-440.

16.  Arif, R.; Khitab, A.; Kirgiz, M.S.; Khan, R.B.N.; Tayyab, S.; Khan, R.A.; Anwar, W.; Arshad, M.T. Experimental Analysis on Partial
Replacement of Cement with Brick Powder in Concrete. Case Stud. Constr. Mater. 2021, 15, €00749. [CrossRef]

17.  Amakye, S.Y.; Abbey, S.J.; Olubanwo, A.O. Consistency and Mechanical Properties of Sustainable Concrete Blended with Brick
Dust Waste Cementitious Materials. SN Appl. Sci. 2021, 3, 420. [CrossRef]

18. Rani, M.U,; Jenifer, ]. M. Mechanical Properties of Concrete with Partial Replacement of Portland Cement by Clay Brick Powder.
Int. J. Eng. Res. Technol. (IJERT) 2016, 5, 63-67.

19. Sun,R.;Huang, D.; Ge, Z.; Hu, Y.; Guan, Y. Properties of Self-Consolidating Concrete with Recycled Clay-Brick-Powder Replacing
Cementitious Material. ]. Sustain. Cem.-Based Mater. 2014, 3, 211-219. [CrossRef]

20. Mansoor, S.S.; Hama, S.M.; Hamdullah, D.N. Effectiveness of Replacing Cement Partially with Waste Brick Powder in Mortar. J.

King Saud Univ.—Eng. Sci. 2024, 36, 524-532. [CrossRef]


https://doi.org/10.1007/978-3-642-17866-5
https://doi.org/10.3390/app14072796
https://doi.org/10.1016/j.conbuildmat.2024.138509
https://doi.org/10.1088/1755-1315/1254/1/012004
https://doi.org/10.1016/j.cemconres.2010.12.001
https://www.baumineral.de/news/p/Flugasche_-_Verfuegbarkeit_Logistik_Potential_-_Stand_14_11_2011.pdf
https://www.baumineral.de/news/p/Flugasche_-_Verfuegbarkeit_Logistik_Potential_-_Stand_14_11_2011.pdf
https://www.uniper.energy/news/de/kohleausstieg-keine-nebenprodukte-mehr-fuer-die-bauindustrie
https://www.uniper.energy/news/de/kohleausstieg-keine-nebenprodukte-mehr-fuer-die-bauindustrie
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Industrie-Verarbeitendes-Gewerbe/produktionsindex-energieintensive-branchen.html
https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Industrie-Verarbeitendes-Gewerbe/produktionsindex-energieintensive-branchen.html
https://www.ferro-alloys.com/en/News/Details/323234
https://www.ziegel.de/
https://doi.org/10.3390/su10041037
https://doi.org/10.1016/j.conbuildmat.2012.01.002
https://doi.org/10.31272/jeasd.2018.2.88
https://doi.org/10.1016/j.cscm.2021.e00749
https://doi.org/10.1007/s42452-021-04430-w
https://doi.org/10.1080/21650373.2014.946542
https://doi.org/10.1016/j.jksues.2022.01.004

Materials 2024, 17, 6280 20 of 23

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Yuan, C; Chen, Y,; Liu, D.; Lv, W.; Zhang, Z. The Basic Mechanical Properties and Shrinkage Properties of Recycled Micropowder
UHPC. Materials 2023, 16, 1570. [CrossRef]

Waste Balance 2019. Available online: https://www.destatis.de/EN/Themes/Society-Environment/Environment/Waste-
Management/Tables /waste-balance-brief-overview-2019.html (accessed on 19 November 2024).

Construction Waste Market. Available online: https://www.transparencymarketresearch.com/construction-waste-market.html
(accessed on 19 November 2024).

Transforming Our World: The 2030 Agenda for Sustainable Development. Available online: https://sdgs.un.org/2030agenda
(accessed on 19 November 2024).

DIN 4226-101:2017-08; Recycled Aggregates for Concrete in Accordance with DIN EN 12620—Part 101: Types and Regulated
Dangerous Substances. Deutsches Institut fiir Normung: Berlin, Germany, 2017.

DIN 4226-102:2017-08; Recycled Aggregates for Concrete in Accordance with DIN EN 12620—Part 102: Type Testing and Factory
Production Control. Deutsches Institut fiir Normung: Berlin, Germany, 2017.

DAfStb Beton, rezyklierte Gesteinskornung:2010-09; DAfStb-Richtlinie Beton nach DIN EN 206-1 und DIN 1045-2 mit Rezyklierten
Gesteinskornungen nach DIN EN 12620. Deutscher Ausschuss fiir Stahlbeton: Berlin, Germany, 2010.

Skocek, J.; Ouzia, A.; Vargas Serrano, E.; Pato, N. Recycled Sand and Aggregates for Structural Concrete: Toward the Industrial
Production of High-Quality Recycled Materials with Low Water Absorption. Sustainability 2024, 16, 814. [CrossRef]

Zabek, M.; Jegen, P.; Kreiss, L. Introducing a Novel Concept for an Integrated Demolition Waste Recycling Center and the
Establishment of a Stakeholder Network: A Case Study from Germany. Sustainability 2024, 16, 3916. [CrossRef]

Pato, N.; Zajac, M.; Skocek, J.; Wagner, E. Separation of Hardened Concrete Paste from Aggregate. US Patent 2024/0262743 A1, 8
August 2024.

Chystiakov, A.; Kroviakov, S.; Ihnatenko, A.; Medved, S. Use of Secondary Aggregates for Concrete Production. In Juniorstav
2024: Proceedings 26th International Scientific Conference of Civil Engineering; Brno University of Technology: Brno, Czech Republic,
2024; pp. 1-9. [CrossRef]

Katar, I.; Ibrahim, Y.; Abdul Malik, M.; Khahro, S.H. Mechanical Properties of Concrete with Recycled Concrete Aggregate and
Fly Ash. Recycling 2021, 6, 23. [CrossRef]

Tran, D.V.P; Allawi, A.; Albayati, A.; Cao, T.N.; El-Zohairy, A.; Nguyen, Y.T.H. Recycled Concrete Aggregate for Medium-Quality
Structural Concrete. Cem. Concr. Res. 2020, 14, 4612. [CrossRef]

Chang, Y.; Wang, Y.; Zhang, H.; Chen, J.; Geng, Y. Different Influence of Replacement Ratio of Recycled Aggregate on Uniaxial
Stress-Strain Relationship for Recycled Concrete with Different Concrete Strengths. Structures 2022, 42, 284-308. [CrossRef]
Poon, C.; Shui, Z.; Lam, L.; Fok, H.; Kou, S. Influence of Moisture States of Natural and Recycled Aggregates on the Slump and
Compressive Strength of Concrete. Cem. Concr. Res. 2004, 34, 31-36. [CrossRef]

Infante Gomes, R.; Bastos, D.; Brazao Farinha, C.; Pederneiras, C.M.; Veiga, R.; de Brito, J.; Faria, P; Santos Silva, A. Mortars with
CDW Recycled Aggregates Submitted to High Levels of CO,. Infrastructures 2021, 6, 159. [CrossRef]

Yaba, H.; Naji, H.; Younis, K.; Ibrahim, T. Compressive and Flexural Strengths of Recycled Aggregate Concrete: Effect of Different
Contents of Metakaolin. Mater. Today Proc. 2021, 45, 4719-4723. [CrossRef]

Plaza, P; Saez del Bosque, LE; Sanchez, J.; Medina, C. Recycled Eco-Concretes Containing Fine and/or Coarse Concrete
Aggregates. Mechanical Performance. Appl. Sci. 2024, 14, 3995. [CrossRef]

Surendar, M.; Ananthi, G.B.G.; Sharaniya, M.; Deepak, M.S.; Soundarya, T.V. Mechanical Properties of Concrete with Recycled
Aggregate and M-sand. Mater. Today Proc. 2021, 44, 1723-1730. [CrossRef]

Etxeberria, M.; Vazquez, E.; Mari, A ; Barra, M. Influence of Amount of Recycled Coarse Aggregates and Production Process on
Properties of Recycled Aggregate Concrete. Cerm. Concr. Res. 2007, 37, 735-742. [CrossRef]

Pedro, D.; de Brito, J.; Evangelista, L. Performance of Concrete Made with Aggregates Recycled from Precasting Industry Waste:
Influence of the Crushing Process. Mater. Struct. Constr. 2015, 48, 3965-3978. [CrossRef]

Wang, Y.; Zhang, H.; Geng, Y.; Wang, Q.; Zhang, S. Prediction of the Elastic Modulus and the Splitting Tensile Strength of Concrete
Incorporating both Fine and Coarse Recycled Aggregate. Constr. Build. Mater. 2019, 215, 332-346. [CrossRef]

Li, B,; Jiang, G.; Hu, J.; Li, Y.; Wu, E; Qin, Z.; Wang, S. Specimen Size Effect on Compressive and Splitting Tensile Strengths of
Sustainable Geopolymeric Recycled Aggregate Concrete: Experimental and Theoretical Analysis. . Clean. Prod. 2024, 434, 140154.
[CrossRef]

Hamad, B.S.; Dawi, A.H. Sustainable Normal and High Strength Recycled Aggregate Concretes using Crushed Tested Cylinders
as Coarse Aggregates. Case Stud. Constr. Mater. 2017, 7, 228-239. [CrossRef]

Tang, W.; Ryan, P.; Cui, H.; Liao, W. Self-Compacting Concrete with Recycled Coarse Aggregate. Adv. Mater. Sci. Eng. 2016, 11,
2761294. [CrossRef]

Fu, J.; Jones, AM.; Bligh, M.W,; Holt, C.; Keyte, L.M.; Moghaddam, E; Foster, S.J.; Waite, T.D. Mechanisms of Enhancement in
Early Hydration by Sodium Sulfate in a Slag-cement blend—Insights from Pore Solution Chemistry. Cem. Concr. Res. 2020, 135,
106110. [CrossRef]

Sanytsky, M.; Kropyvnytska, T.; Shyiko, O. Effect of Potassium Sulfate on the Portland Cement Pastes Setting Behavior. Chem.
Chem. Technol. 2023, 17, 170-178. [CrossRef]

Chen, Y;; Ma, B.; Chen, J.; Li, Z.; Liang, X.; de Lima, L.M,; Liu, C,; Yin, S.; Yu, Q.; Lothenbach, B.; et al. Thermodynamic Modeling
of Alkali-Activated Fly Ash Paste. Cem. Concr. Res. 2024, 186, 107699. [CrossRef]


https://doi.org/10.3390/ma16041570
https://www.destatis.de/EN/Themes/Society-Environment/Environment/Waste-Management/Tables/waste-balance-brief-overview-2019.html
https://www.destatis.de/EN/Themes/Society-Environment/Environment/Waste-Management/Tables/waste-balance-brief-overview-2019.html
https://www.transparencymarketresearch.com/construction-waste-market.html
https://sdgs.un.org/2030agenda
https://doi.org/10.3390/su16020814
https://doi.org/10.3390/su16103916
https://doi.org/10.13164/juniorstav.2024.24091
https://doi.org/10.3390/recycling6020023
https://doi.org/10.3390/ma14164612
https://doi.org/10.1016/j.istruc.2022.05.117
https://doi.org/10.1016/S0008-8846(03)00186-8
https://doi.org/10.3390/infrastructures6110159
https://doi.org/10.1016/j.matpr.2021.01.164
https://doi.org/10.3390/app14103995
https://doi.org/10.1016/j.matpr.2020.11.896
https://doi.org/10.1016/j.cemconres.2007.02.002
https://doi.org/10.1617/s11527-014-0456-7
https://doi.org/10.1016/j.conbuildmat.2019.04.212
https://doi.org/10.1016/j.jclepro.2023.140154
https://doi.org/10.1016/j.cscm.2017.08.006
https://doi.org/10.1155/2016/2761294
https://doi.org/10.1016/j.cemconres.2020.106110
https://doi.org/10.23939/chcht17.01.170
https://doi.org/10.1016/j.cemconres.2024.107699

Materials 2024, 17, 6280 21 of 23

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Teker Ercan, E.E.; Cwirzen, A.; Habermehl-Cwirzen, K. The Effects of Partial Replacement of Ground Granulated Blast Furnace
Slag by Ground Wood Ash on Alkali-Activated Binder Systems. Materials 2023, 16, 5347. [CrossRef]

Lanjewar, B.A.; Chippagiri, R.; Dakwale, V.A.; Ralegaonkar, R.V. Application of Alkali-Activated Sustainable Materials: A Step
towards Net Zero Binder. Energies 2023, 16, 969. [CrossRef]

Liu, C.; Wang, X.; Li, Y,; Li, Q.; Yue, G. Evaluation on Preparation and Performance of a Low-Carbon Alkali-Activated Recycle
Concrete under Different Cementitious Material Systems. Materials 2024, 17, 4869. [CrossRef] [PubMed]

Luo, L.; Yao, W,; Liao, G. Effect of Recycled Fine Aggregates on the Mechanical and Drying Shrinkage Properties of Alkali-
Activated Recycled Concrete. Materials 2024, 17, 2102. [CrossRef] [PubMed]

Khan, M.I; Ram, V.V,; Patel, V.I. Durability Performance of Alkali-Activated Concrete with Pre-treated Coarse Recycled
Aggregates for Pavements. Sci. Rep. 2024, 14, 13776. [CrossRef]

Dong, H.; Yao, X.; Burgmann, S.; Ye, G. Drying Shrinkage of Alkali-Activated Slag Concrete with Natural/Recycled Aggregates.
In 4th International Rilem Conference on Microstructure Related Durability of Cementitious Composites: Microdurability 2020; Delft
University of Technology: Delft, The Netherlands, 2021; pp. 757-764.

da Costa Reis, E.P; Silva, G.J.B.; Borba, J.C., Jr. Alkali-Activation of Recycled Concrete Waste. Int. |. Adv. Eng. Technol. 2023, 16,
229-240. [CrossRef]

Yehualaw, M.D.; Hwang, C.-L.; Vo, D.-H.; Koyenga, A. Effect of Alkali Activator Concentration on Waste Brick Powder-based
Ecofriendly Mortar Cured at Ambient Temperature. J. Mater. Cycles Waste Manag. 2021, 23, 727-740. [CrossRef]

Cardoza, A.; Colorado, H.A. Alkaline Activation of Brick Waste with Partial Addition of Ordinary Portland Cement (OPC) for
Reducing Brick Industry Pollution and Developing a Feasible and Competitive Construction Material. Open Ceram. 2024, 18,
100569. [CrossRef]

Vysvafil, M.; Vejmelkova, E.; Rovnanikovd, P. Rheological and Mechanical Properties of Alkali-Activated Brick Powder Based
Pastes: Effect of Amount of Alkali Activator. IOP Conf. Ser. Mater. Sci. Eng. 2018, 379, 012011. [CrossRef]

Rovnanik, P; Reznik, B.; Rovnanikova, P. Blended Alkali-activated Fly Ash/Brick Powder Materials. Procedia Eng. 2016, 151,
108-113. [CrossRef]

Zajac, M.; Skibsted, J.; Lothenbach, B.; Bullerjahn, E; Skocek, J.; Haha, M.B. Effect of Sulfate on CO, Binding Efficiency of Recycled
Alkaline Materials. Cem. Concr. Res. 2022, 157, 10684. [CrossRef]

Wu, H.; Gao, J.; Liu, C.; Guo, Z.; Luo, X. Reusing Waste Clay Brick Powder for Low-carbon Cement Concrete and Alkali-activated
Concrete: A Critical Review. . Clean. Prod. 2024, 449, 141755. [CrossRef]

Foftt, J.; Vejmelkova, E.; Kotiakova, D.; Alblovd, N.; Céchova, M.; Keppert, M.; Rovnanikova, P,; Cern}?, R. Application of Waste
Brick Powder in Alkali Activated Aluminosilicates: Functional and Environmental Aspects. J. Clean. Prod. 2018, 194, 714-725.
[CrossRef]

Shafighfard, T.; Kazemi, F.; Asgarkhani, N.; Yoo, D.I. Machine-learning Methods for Estimating Compressive Strength of
High-Performance Alkali-Activated Concrete. Eng. Appl. Artif. Intell. 2024, 136, 10953. [CrossRef]

Kazemi, F; Shafighfard, T.; Jankowski, R.; Yoo, D.Y. Active Learning on Stacked Machine Learning Techniques for Predicting
Compressive Strength of Alkali-activated Ultra-High-Performance Concrete. Arch. Civ. Mech. Eng. 2024, 25, 10953. [CrossRef]
Dvorkin, L.; Dvorkin, O.; Ribakov, Y. Multi-Parametric Concrete Compositions Design; Nova Science Publishers: New York, NY,
USA, 2013; 223p.

Lyashenko, T. Composition-process Fields Methodology for Design of Composites Structure and Properties. In Proceedings of
the International Symposium on Brittle Matrix Composites 11, Warsaw, Poland, 28-30 September 2015; pp. 289-298.

Jeff Wu, C.F.; Hamada, M.S. Experiments: Planning, Analysis, and Optimization, 3rd ed.; Wiley & Sons: Hoboken, NJ, USA, 2021;
736p.

Myers, R.H.; Montgomery, D.C.; Anderson-Cook, C.M. Response Surface Methodology: Process and Product Optimization Using
Designed Experiments, 4th ed.; Wiley Series in Probability and Statistics; Wiley & Sons: Hoboken, NJ, USA, 2016; 856p.

Aidjouli, Y.; Belebchouche, C.; Hammoudi, A.; Kadri, E.H.; Zaouai, S.; Czarnecki, S. Modeling the Properties of Sustainable Self
Copacting Concrete Containing Marble and Glass Powder Wastes Using Response Surface Methodology. Sustainability 2024, 16,
1972. [CrossRef]

Wang, Z.; Wu, J; Su, L.; Gao, Z.; Yin, C.; Ye, Z. Optimization of Ultra-High-Performance Concrete Based on Response Surface
Methodology and NSGA-II. Materials 2024, 17, 4885. [CrossRef]

Moskalova, K.; Lyashenko, T.; Aniskin, A. Modelling the Relations of Rheological Characteristics with Composition of Plaster
Mortar. Materials 2022, 15, 371. [CrossRef] [PubMed]

Kos, Z.; Kroviakov, S.; Kryzhanovskyi, V.; Grynyova, L. Research of Strength, Frost Resistance, Abrasion Resistance and Shrinkage
of Steel Fiber Concrete for Rigid Highways and Airfields Pavement Repair. Appl. Sci. 2022, 12, 1174. [CrossRef]

Kos, Z.; Kroviakov, S.; Kryzhanovskyi, V.; Crnoja, A. Influence of Fibres and Hardening Accelerator on Concrete for Rigid
Pavements. Mag. Concr. Res. 2023, 75, 865-873. [CrossRef]

Mishutin, A.; Kroviakov, S.; Kryzhanovskyi, V.; Chintea, L. Fiber Reinforced Concrete for Rigid Road Pavements Modified with
Polycarboxylate Admixture and Metakaolin. Elektron. Casopis Gradevinskog Fak. Osijek 2021, 12, 1-10. [CrossRef]

Dvorkin, L.; Bordiuzhenko, O.; Mierzwinski, D.; Tracz, T.; Sitarz, M. Water Impermeability of Self Compacting Fly-Ash-Containing
Concrete. Appl. Sci. 2024, 14, 5373. [CrossRef]


https://doi.org/10.3390/ma16155347
https://doi.org/10.3390/en16020969
https://doi.org/10.3390/ma17194869
https://www.ncbi.nlm.nih.gov/pubmed/39410440
https://doi.org/10.3390/ma17092102
https://www.ncbi.nlm.nih.gov/pubmed/38730909
https://doi.org/10.1038/s41598-024-64506-6
https://doi.org/10.5281/zenodo.8347785
https://doi.org/10.1007/s10163-020-01164-6
https://doi.org/10.1016/j.oceram.2024.100569
https://doi.org/10.1088/1757-899X/379/1/012011
https://doi.org/10.1016/j.proeng.2016.07.397
https://doi.org/10.1016/j.cemconres.2022.106804
https://doi.org/10.1016/j.jclepro.2024.141755
https://doi.org/10.1016/j.jclepro.2018.05.181
https://doi.org/10.1016/j.engappai.2024.109053
https://doi.org/10.1007/s43452-024-01067-5
https://doi.org/10.3390/su16051972
https://doi.org/10.3390/ma17194885
https://doi.org/10.3390/ma15010371
https://www.ncbi.nlm.nih.gov/pubmed/35009517
https://doi.org/10.3390/app12031174
https://doi.org/10.1680/jmacr.22.00181
https://doi.org/10.13167/2021.23.1
https://doi.org/10.3390/app14135373

Materials 2024, 17, 6280 22 of 23

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Abdellatief, M.; Elrahman, M. A ; Elgendy, G.; Bassioni, G.; Tahwia, A.M. Response Surface Methodology-based Modelling
and Optimization of Sustainable UHPC Containing Ultrafine Fly Ash and Metakaolin. Constr. Build. Mater. 2023, 388, 131696.
[CrossRef]

Sinkhonde, D.; Onchiri, R.O.; Oyawa, W.O.; Mwero, ]J.N. Response Surface Methodology-based Optimisation of Cost and
Compressive Strength of Rubberised Concrete Incorporating Burnt Clay Brick Powder. Heliyon 2021, 7, e08565. [CrossRef]
Onyelowe, K.C.; Ebid, A.M.; Ghadikolaee, M.R. GRG-optimized Response Surface Powered Prediction of Concrete Mix Design
Chart for the Optimization of Concrete Compressive Strength Based on Industrial Waste Precursor Effect. Asian J. Civ. Eng. 2024,
25,997-1006. [CrossRef]

Orlowsky, J.; Maurer, R.; Heeke, G.; Befiling, M.; Bettin, M. Ressourcenschonende Larmschutzelemente aus Textilbeton als
Alternative fiir konventionelle Stahlbetonfertigteile. Beton Stahlbetonbau 2021, 116, 947-957. [CrossRef]

Tietzte, M.; Kirmse, S.; Kahnt, A.; Schladitz, F.; Curbach, M. The Ecological and Economic Advantages of Carbon Reinforce
Concrete—Using the C3 Result House CUBE Especially the BOX Value Chain as an Example. Civ. Eng. Des. 2022, 4, 79-88.
[CrossRef]

Peled, A.; Bentur, A.; Mobasher, B. Textile Reinforced Concrete; CRC Press: Boca Raton, FL, USA, 2017; 489p.

Yin, S.; Wang, F; Zhang, C.; Liu, S. Research on the Interface Bonding Performance Between FRCM and Masonry Under Salt
Erosion Environment. J. Build. Eng. 2022, 46, 103755. [CrossRef]

Beflling, M.; Orlowsky, J. Quantification of the Influence of Concrete Width per Fiber Strand on the Splitting Crack Failure of
Textile Reinforced Concrete (TRC). Polymers 2022, 14, 489. [CrossRef]

Jiang, J.; Jiang, C.; Li, B.; Feng, P. Bond Behavior of Basalt Textile Meshes in Ultra-High Ductility Cementitious Composites.
Compos. Part B Eng. 2019, 174, 107022. [CrossRef]

Brameshuber, W. 3—Manufacturing Methods for Textile-reinforced Concrete. In Textile Fibre Composites in Civil Engineering;
Woodhead Publishing: Sawston, UK, 2016; pp. 45-59. [CrossRef]

Yin, S.; Wang, B.; Wang, F.; Xu, S. Bond Investigation of Hybrid Textile with Self-compacting Fine-grain Concrete. J. Ind. Text.
2017, 46, 1616-1632. [CrossRef]

Kryzhanovskyi, V.; Avramidou, A.; Orlowsky, J.; Spyridis, P. Self-Compacting High-Strength Textile-Reinforced Concrete Using
Sea Sand and Sea Water. Materials 2023, 16, 4934. [CrossRef]

DIN EN 196-1:2016; Methods of Testing Cement. Determination of Strength. Deutsches Institut fiir Normung: Berlin, Germany,
2016.

DIN EN 196-2:2013; Methods of Testing Cement. Chemical Analysis of Cement. Deutsches Institut fiir Normung: Berlin, Germany,
2013.

DIN EN 12620:2008-07; Aggregates for Concrete. Deutsches Institut fiir Normung: Berlin, Germany, 2008.

DIN EN 934-2:2012; Admixtures for Concrete, Mortar and Grout Concrete admixtures. Definitions, Requirements, Conformity,
Marking and Labelling. Deutsches Institut fiir Normung: Berlin, Germany, 2012.

DIN EN 1008:2002; Mixing Water for Concrete—Specification for Sampling, Testing and Assessing the Suitability of Water,
Including Water Recovered from Processes in the Concrete Industry, as Mixing Water for Concrete. Deutsches Institut fiir
Normung: Berlin, Germany, 2002.

DIN EN 12390-2:2019; Testing of Hardened Concrete. Making and Curing Specimens for Strength Tests. Deutsches Institut fiir
Normung: Berlin, Germany, 2019.

EFNARC (European Federation of Producers and Applicators of Specialist Products for Structures). Specification and Guidelines for
Self-Compacting Concrete; EFNARC: Farnham, UK, 2002; 32p.

EFNARC (European Federation of Producers and Applicators of Specialist Products for Structures). Specification and Guidelines for
Self-Compacting Concrete—Specification, Production and Use; EFNARC: Farnham, UK, 2005; 63p.

ACI 237R-07; Self-Consolidating Concrete (Reapproved 2019). American Concrete Institute: Farmington Hills, MI, USA, 2007;
30p.

Kalhori, M.; Ramezanianpour, A.A. Innovative Air Entraining and Air Content Measurement Methods for Roller Compacted
Concrete in Pavement Applications. Constr. Build. Mater. 2021, 279, 122495. [CrossRef]

Tolmachov, S.; Brazhnik, G.; Belichenko, O.; Tolmachov, D. The Effect of the Mobility of the Concrete Mixture on the Air Content
and Frost Resistance of Concrete. IOP Conf. Ser. Mater. Sci. Eng. 2019, 708, 012109. [CrossRef]

Whiting, D.A.; Nagi, M.A. Manual on Control of Air Content in Concrete; Portland Cement Association: Skokie, IL, USA, 1998; 42p.
DIN EN 12350-8:2019; Testing Fresh Concrete. Self-Compacting Concrete—Slump Flow Test. Deutsches Institut fiir Normung;:
Berlin, Germany, 2019.

Nahum, L.; Isaac, S.; Peled, A.; Amir, O. Significant Material and Global Warming Potential Savings through Truss-Based Topology
Optimization of Textile-Reinforced Concrete Beams. J. Compos. Constr. 2023, 27, 04023028. [CrossRef]

Raupach, M.; Morales Cruz, C. Textile-reinforced Concrete: Selected Case Studies. In Textile Fibre Composites in Civil Engineering;
Woodhead Publishing: Sawston, UK, 2016; pp. 275-299. [CrossRef]

DIN EN 12350-12:2010; Testing Fresh Concrete. Self-Compacting Concrete—]-Ring Test. Deutsches Institut fiir Normung: Berlin,
Germany, 2010.

DIN EN 12350-11:2010; Testing Fresh Concrete. Self-Compacting Concrete—Sieve Segregation Test. Deutsches Institut fiir
Normung: Berlin, Germany, 2010.


https://doi.org/10.1016/j.conbuildmat.2023.131696
https://doi.org/10.1016/j.heliyon.2021.e08565
https://doi.org/10.1007/s42107-023-00827-7
https://doi.org/10.1002/best.202100061
https://doi.org/10.1002/cend.202200001
https://doi.org/10.1016/j.jobe.2021.103755
https://doi.org/10.3390/polym14030489
https://doi.org/10.1016/j.compositesb.2019.107022
https://doi.org/10.1016/B978-1-78242-446-8.00004-5
https://doi.org/10.1177/1528083716629137
https://doi.org/10.3390/ma16144934
https://doi.org/10.1016/j.conbuildmat.2021.122495
https://doi.org/10.1088/1757-899X/708/1/012109
https://doi.org/10.1061/JCCOF2.CCENG-4073
https://doi.org/10.1016/B978-1-78242-446-8.00013-6

Materials 2024, 17, 6280 23 of 23

105.

106.
107.

108.

109.

110.

111.

112.

113.

114.

115.

Gamil, Y.; Nilimaa, J.; Najeh, T.; Cwirzen, A. Formwork Pressure Prediction in Cast-in-Place Self-Compacting Concrete Using
Deep Learning. Autom. Constr. 2023, 151, 104869. [CrossRef]

DIN EN 12350-6:2019; Testing Fresh Concrete. Density. Deutsches Institut fiir Normung: Berlin, Germany, 2019.

DIN EN 12350-7:2022; Testing Fresh Concrete. Air Content—Pressure Methods. Deutsches Institut fiir Normung: Berlin, Germany,
2022.

Schubert, S.; Hoffmann, C.; Leemann, A.; Moser, K.; Motavalli, M. Recycled Aggregate Concrete: Experimental Shear Resistance
of Slabs Without Shear Reinforcement. Eng. Struct. 2012, 41, 490-497. [CrossRef]

Setkit, M.; Leelatanon, S.; Imjai, T.; Garcia, R.; Limkatanyu, S. Prediction of Shear Strength of Reinforced Recycled Aggregate
Concrete Beams Without Stirrups. Buildings 2021, 11, 402. [CrossRef]

DIN EN 12390-6:2024; Testing Hardened Concrete. Tensile Splitting Strength of Test Speciments. Deutsches Institut fiir Normung;:
Berlin, Germany, 2024.

Lyashenko, T.V.; Voznesenskiy, V.A. Composition-Process Fields Methodology in Computational Building Materials Science; Astroprint:
San Diego, CA, USA, 2017; 168p.

Partschefeld, S.; Tutal, A.; Halmanseder, T.; Schneider, J.; Osburg, A. Investigations on Stability of Polycarboxylate Superplasticiz-
ers in Alkaline Activators for Geopolymer Binders. Materials 2023, 16, 5369. [CrossRef]

Ding, B.; Ng, S.; Ou, Z. Effect of Sulfate on the Compatibility Between Polycarboxylate Superplasticizer and Cement-based
Materials with or without Silica Fume. Constr. Build. Mater. 2023, 405, 133256. [CrossRef]

Conte, T.; Plank, J. Impact of Molecular Structure and Composition of Polycarboxylate Comb Polymers on the Flow Properties of
Alkali-activated Slag. Cem. Concr. Res. 2019, 116, 95-101. [CrossRef]

DIN EN 206-1:2001; Concrete. Specification, Performance, Production and Conformity. Deutsches Institut fiir Normung: Berlin,
Germany, 2001.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.autcon.2023.104869
https://doi.org/10.1016/j.engstruct.2012.04.006
https://doi.org/10.3390/buildings11090402
https://doi.org/10.3390/ma16155369
https://doi.org/10.1016/j.conbuildmat.2023.133256
https://doi.org/10.1016/j.cemconres.2018.11.014

	Introduction 
	BP for Cement Replacement in Concrete Production 
	Recycling Aggregates for Concrete Application 
	Alkali Activation Method for Recycling Concrete Properties’ Improvement 
	Methods of Optimal Experiment Planning for Multifactor Composite Systems 
	Textile-Reinforced Concrete (TRC) and Its Production Methods 

	Materials and Methods 
	Workability of SCC Mixtures (Slump Flow Test) 
	Passing Ability of SCC Mixtures (J-Ring Test) 
	Working Life of SCC (Open Time) 
	Segregation Resistance Test 
	Fresh Density and Air Content Test 
	Hardened Properties of SCC 
	Compressive and Flexural Strength (CS, FS) 
	Splitting Tensile Strength (STS) 

	Data Processing and Modeling 
	Experimental Results and Analysis 
	Slump Flow, J-Ring Test and Working Life of SCC 
	Working Life of SCC 
	Passing Ability, Segregation Resistance, Air Content, Fresh Density, Temperature and Mixing Time of SCC Mixtures 
	Compressive, Flexural and Tensile Splitting Strength 

	Conclusions 
	References

