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Fresh, Mechanical, and Thermal Properties of Cement
Composites Containing Recycled Foam Concrete as Partial
Replacement of Cement and Fine Aggregate
Jan Pizoń

Faculty of Civil Engineering, Silesian University of Technology, 44-100 Gliwice, Poland; jan.pizon@polsl.pl

Abstract: The research presented in this article was conducted to evaluate the suitability of recycled
foam concrete (RFC) as an ingredient in newly created cement mortars. The basis for an analysis was
the assumption that the waste is collected selectively after separation from other waste generated
during demolition. The motivation for the research and its main problem is a comparison of the
performance of RFC used in various forms. RFC was used in two forms: (1) recycled foam concrete
dust (RFCD) as a 25 and 50% replacement of cement, and (2) recycled foam concrete fine aggregate
(RFCA) as a 10, 20, and 30% replacement of sand. The basic properties of fresh and hardened mortars
were determined: consistency, density, initial setting time, absorbability, compressive strength,
thermal conductivity coefficient, and heat capacity. Research is complemented with SEM observations.
The properties of fresh mortars and mechanical parameters were decreased with the usage of any
dosage of RFC in any form, but the thermal properties were improved. The required superplasticizer
amount for proper consistency was raised four times for replacing cement with 50% of RFCD than
for 25% of such replacement. The mix density dropped by about 8% and 9% for mortars with the
replacement of 50% cement by RFCD and 30% sand by RFCA in comparison to reference mortar.
A 30% decrease in initial setting time was observed for cement replacement. In the case of sand
replacement, it was the opposite—an increase of 100%. The dry density decreased by about 14%
and 11% for mortars with the replacement of 50% cement by RFCD and 30% sand by RFCA in
comparison to reference mortar. Absorbability was raised by about two times after replacement with
both RFCD and RFCA. Compressive strength after 28 days dropped significantly by 75% and 60%,
and the thermal conductivity coefficient decreased by 20% and 50% with 50% RFCD added instead of
cement and 30% RFCA replacing sand. It indicates greater efficiency in thermomechanical means
from RFCA in comparison to RFCD. This material can be used especially in the production of plaster
and masonry mortar. Linear correlations of dry density and thermal conductivity coefficient and the
latter and compressive strength were proven as reliable for RFCD replacement of cement and RFCA
replacement of sand in mortars with greater w/c ratio.

Keywords: foam concrete; cement; thermal properties; recycled concrete aggregate; sustainable
building materials; lightweight aggregate

1. Introduction

The construction industry generated 37% of process- and energy-related CO2 emissions
and more than 34% of global energy demand in 2021. The latter percentage increased by
4%pt. compared to the previous year. In Europe, the construction industry caused 40% of
CO2 emissions, about 80% of which came from burning fossil fuels [1]. The cement industry
is responsible for a large percentage of these emissions. Each ton of cement produced is
0.6 tons of carbon dioxide emitted [2]. On an annual basis, this is about 8% of global CO2
emissions [3].

One of the possible paths that can be followed to reduce these values is the usage
of waste materials. This could be industrial waste, which has been the subject of other
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publications by the author [4–6], dust and ash from municipal waste incineration [7,8],
plastics [9,10], used tires [11,12], glass [11,13,14], or waste from demolition of existing
structures [11,15,16], and many others [17–19]. Waste materials can be used as substitutes
for natural aggregate or cement.

In this article, the author focused on the waste generated by the demolition of the
insulation layers of an existing building. The material was used in the form of fine aggregate
(recycled foam concrete aggregate—RFCA) as a substitute for sand, and dust was used
as a substitute for cement (recycled foam concrete dust—RFCD). The reuse of this type of
construction demolition waste (CDW) in newly constructed buildings fits into the global
idea of sustainable development and circular economy. It also fits in with the idea of
reducing energy consumption for heating and cooling of habitable spaces.

Foam concrete is a material formed by mixing cement paste with a foaming agent [20].
It may contain sand in its composition in limited amounts, but as a general rule, it does
not contain coarse aggregate. Foam concrete can also be supplemented with lightweight
aggregates such as expanded vermiculite or perlite [21]. The foam concrete used in this
study did not contain any aggregate. There are also studies on the use of waste materials
to produce new foam concrete [21,22]. It is a lightweight material with a density of
300–1800 kg/m3 [23,24]. The main property of foam concrete is its low heat transfer
coefficient. Its value depends primarily on density but also on moisture content and
the presence of additional materials used in its production [25]. Sources [25,26] report
heat transfer coefficient values of 0.1 to 0.7 and 0.389 to 0.734 Wm−1 K−1 for densities
of 600 to 1600 kg/m3. Thus, after crushing foam concrete, lightweight aggregate can be
obtained, and after grinding it, dust consisting of hydrated cement can be obtained. The
compressive strength of foam concrete decreases proportionally to decreasing density. This
is an exponential relationship. Compressive strength values according to [27–31] range
from <1 MPa for foam concrete with a density of 400 kg/m3 through 3–5 MPa for foam
concrete with a density of 800 kg/m3, 10–12 MPa for foam concrete with a density of
1200 kg/m3 to 15–20 MPa for foam concrete with a density of 1400 kg/m3.

Foam concrete waste can be used as a lightweight aggregate. Common lightweight
aggregates used for lightweight concrete are expanded perlite [32–34], vermiculite [34,35],
expanded clay [36], pumice [37,38], and granulated polystyrene [34,35]. Waste materials—
glass, sludge, slag, etc.—can also be used as lightweight aggregate [39,40]. There are few
reports on the use of such waste materials as an ingredient in new cement composites [41]. A
problem that can be encountered with the use of lightweight aggregates is their high water
absorption and the associated problem of achieving adequate workability of the mix [42–44].
However, it can be a method of internal concrete curing, which is an advantage [43].

There are many studies on the use of waste materials as an ingredient in new
lightweight aggregate concretes. Materials used include recycled expanded polystyrene
(EPS), polyurethane waste, and agricultural waste. Recycled Autoclaved Aerated Concrete
(AAC) and Cellular Lightweight Concrete (CLC) are also known to be used. Some of these
are referred to below.

Based on the publication [45], recycled expanded polystyrene (EPS) can be used to
partially or fully replace natural aggregate. In this case, even an improvement in consistency
was noted compared to mortars containing only natural sand. Thermal insulating properties
were also improved, while mechanical performance deteriorated significantly.

The authors [46] report the possibility of using coarse rigid polyurethane foam waste
as a component of new lightweight concretes. A decrease in mechanical properties, in
comparison to normal-weight concrete, was observed. However, it almost satisfied the
criteria of structural lightweight aggregate.

The publication [47] provides an overview of agricultural waste materials as potential
components of lightweight concrete. These include oil palm shells, coconut shells, corn
cobs, cork waste, and waste plastic. In some cases, improvements in mechanical properties
were shown but probably were related to a reduction in the effective water–cement ratio.
A problem with maintaining the appropriate consistency was also indicated, but also the
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beneficial aspect of the internal self-curing of the concrete. The durability challenge and
the possible segregation problems were also pointed out.

The article [48] deals with the use of crushed cellular concrete as an aggregate for new
cement composites. A decrease in compressive strength and density and a deterioration
in consistency while improving the thermal conductivity coefficient were shown. The
decrease in compressive strength was reported as 32% up to 72% for the mix, with 20% up
to 100% replacement of natural aggregate with lightweight one. The thermal conductivity
coefficient was 2.07 (W/mK) for the reference sample and dropped down to 1.18 (W/mK)
for 100% substitution of both natural coarse and fine aggregates.

Other types of lightweight demolition waste are Autoclaved Aerated Concrete (AAC)
and Cellular Lightweight Concrete (CLC). The effect of these wastes, when used as an
aggregate, on the properties of new mortars is described in the article [49]. The use of
both types of aggregate reduced the compressive strength from about 24 MPa for mortars
containing only natural sand to about 9 MPa and 12 MPa for the replacement of sand with
CLC and AAC at 30%, respectively.

AAC as a lightweight aggregate was also the subject of an article [50]. Possibilities of
AAC waste usage as concrete aggregate, prefabricated concrete tiles, concrete blocks, and
others were proven for non-load-bearing purposes.

The article [51] also provides research results with the use of AAC as an aggregate for
lightweight concrete. The strength results when aggregate was fully substituted with AAC
was in the range of 2.5–16 MPa, depending on the mix composition. Thermal conductivity
coefficient ranged from 0.28 to 0.45 (W/mK).

There are fewer reports on the use of powdered lightweight concrete as a replacement
for cement. There are publications describing AAC concretes, but their production does not
include a foaming agent, which can affect the properties of the concrete. The dust obtained
by grinding foam concrete can be used as a replacement for cement or as an almost inert
filler. This is much more popular. It is reported that with small amounts of dust used in
this way, it is possible to obtain undeteriorated or even enhanced properties of the mixture
and hardened concrete. One must consider the decreased consistency and the need to use
water-reducing admixtures [52–56].

The article [50] describes the possibility of replacing part of the cement with AAC waste,
which improved the freeze–thaw resistance and other properties of the new composite.

The effect of AAC and CLC waste, used as a cement replacement, on the properties of
new mortars is described in the article [49]. When the cement was replaced with powdered
AAC, the strength decreased regardless of the amount of waste added—from about 24 MPa
for the reference mortar to about 18 MPa for the mortar with a 30% cement replacement.
In the case of ground CLC for 5–20% cement substitution, an improvement in mechanical
properties was noted. It was an increase from approx. 24 MPa to approx. 28 MPa for 10%
cement substitution.

Justification for addressing the topic
The research presented in this article was conducted to evaluate the suitability of

specific demolition waste for reuse as an ingredient in cement mortars. Prospective uses
for the composites so created could include traditional mortars as well as mortars with
insulating properties for floor layers, roofs, or masonry mortars. A waste material from the
demolition of an insulation layer made of foam concrete was used. The basis for a credible
analysis was the assumption that this waste is collected selectively after separation from
other waste generated during demolition. A particularly valuable aspect is the common
determination of thermal and strength properties. The RFC was used in two different
forms—dust (RFCD), which is a replacement for cement, and a fine aggregate of size
0–4 mm (RFCA). The usage of recycled foam concrete as a part of fine aggregate is present
in many publications. However, the use of this material as a replacement for cement is much
less well recognised. In this paper, the latter is also included, described, and compared with
the former. According to the statements above, it is worthwhile to compare the possibility
and amount of waste used if it is treated as a substitute for sand or cement. This article will
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partially fill the gap in publications on the use of waste foam concrete as a fine aggregate
for cement composites.

2. Materials and Methods
2.1. Materials

Cement mortars were prepared to assess the influence of RFC on the properties of
cement composites. RFC was used in two forms: (1) recycled foam concrete dust (RFCD)
with particles up to 0.063 mm or 0.125 mm, and (2) recycled foam concrete fine aggregate
(RFCA) with particles up to 4 mm. Three series of samples were produced: (1) RFCD
replacing 25% and 50% of cement, (2) RFCA replacing 10% and 20% of natural sand at
water–cement ratio 0.5, and (3) RFCA replacing 10%, 20%, and 30% of natural sand at
water–cement ratio 0.6 (denoted as (W+) symbol).

As a binder, cement or cement-RFCD mixtures were used. Cement CEM I 42.5R was
obtained from one of Polish cement manufacturers as a fine aggregate for mortars natural
sand (NS) and recycled foam concrete aggregate (RFCA). CEN standard sand and tap water
were used. PCE-based superplasticizer (SP) was used to maintain the same consistency
for all mixes. SP was added regarding total binder mass, not exceeding 5% of it. Exact
composition of mortars is given in Table 1.

Table 1. Composition of mortars.

Symbol Cement NS RFC (Max Grain (mm)) Water SP Water SP

0.063 0.125 4 For Initial Setting
Time Tests 1

For Consistency Tests
and Forming of

Samples 2

(g) (g) (g) (g) (g) (g) (g) (g) (g)

REF 450 1350 225 0.91 225 0.35
C25 337.5 1350 112.5 225 4.50 225 2.9
C25′ 337.5 1350 112.5 225 4.65 225 3.0
C50 225 1350 225 X 3 225 12.0
P10 450 1215 135 225 18.0 225 5.55
P20 450 1080 270 X 3 225 22.5

REF (W+) 450 1350 225 0 4 225 0 5

P10 (W+) 450 1215 135 225 8.5 225 3.15
P20 (W+) 450 1080 270 225 15.2 225 8.15
P30 (W+) 450 945 405 X 3 225 22.5

1 According to EN 196-3 [57], the water amount is changed. In current study, standard consistency is obtained
with increasing superplasticizer content. 2 According to EN 196-1 [58] and EN 1015-3 [59]. 3 Not possible to
obtain standard consistency (acc. to EN 196-3 [57]) with max allowed admixture dosage (5% of cement mass).
4 Consistency was slightly more liquid than EN 196-3 [57] standard requirements (plunger stopped 1 mm over
base plate (3–9 mm required). 5 Consistency was more liquid than for other mortars from (W+) series.

RFC, which originated from an existing structure, was obtained from a demolition
company. It played the role of insulation of flat roof structure. RFCA was crushed into
0–4 mm grade. In this form, it was used as a 10–30% replacement for natural sand. It
is impossible to use more RFCA because of the consistency drop. After crushing, it was
ground to obtain 0.0–0.250 mm and sieved to separate RCFD fractions of 0.0–0.063 mm and
0.0–0.125 mm, respectively. The former was used as a 25% replacement of cement. The
latter was used as 25% and 50% replacement of cement. Bulk densities and grading of
RFCA and NS are presented in Table 2. The grading curve of NS and RFCA is given also in
Figure 1.
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Table 2. Properties of natural sand and RFCA.

Bulk Density
(Loose)

Fractions (mm)
0.0–0.063 0.063–0.125 0.125–0.25 0.25–0.5 0.5–1.0 1.0–2.0 2.0–4.0

(g/dm3) (%)

NS 1627 0.5 1.4 9.7 41.1 43.6 3.7
RFCD (max 0.063 mm) 550 100
RFCD (max 0.125 mm) 480 45 55

RFCA (max 4 mm) 412 6.1 8.3 12.4 17.9 27.5 22.3 5.5
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2.2. Methods

Properties of mortars were tested according to European standards:

• Initial setting time: EN 480-2:2008 Admixtures for concrete, mortar, and grout—Test
methods—Part 2: Determination of setting time [60];

• Consistency: EN 1015-3:2000/A2:2007 Methods of test for mortar for masonry—part 3:
determination of consistence of fresh mortar (by flow table) [59];

• Density of fresh mortar: EN 1015-6 Methods of test for mortar for masonry—part 6:
Determination of bulk density of fresh mortar [61];

• Compressive strength: EN 196-1 Methods of testing cement—Part 1: Determination of
strength [58];

• Density of hardened mortar: EN 1015-10 Methods of test for mortar for masonry—part
10: Determination of dry bulk density [62];

• Absorbability was tested on samples prepared for density test, cured in water for
28 days, weighted, and dried to constant mass;

• Microstructure observations: The examination was performed using an electron scan-
ning microscope (JEOL JSM-7200F; JEOL company, Tokyo, Japan) equipped with an
EDS analyzer;

• Thermal properties were assessed with ISOMET 2114 Portable Thermal Properties
Analyzer (Applied Precision s.r.o., Bratislava, Slovakia). Samples used for these tests
were cubic 10 × 10 × 10 cm. Determination of thermal properties using the ISOMET
instrument is based on the ‘hot plate’ method and involves analysing changes in the
surface temperature of the test sample in two phases. Firstly, while it is being heated
at constant power, and secondly, while it is being cooled. Thermal conductivity (λ)[

W
m·K

]
and volume heat capacity (cρ)

[
J

m3·K

]
were recorded.
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3. Results
3.1. Fresh Mix Properties
3.1.1. Consistency

Because of the significant decrease in consistency of mortars and, thus, the impossi-
bility of conducting measurements for mortars containing both RFCD and RFCA, it was
essential to use different methods to assess it. The superplasticizer (SP) was added in the
proper amount to obtain the same or similar (13 ± 1 cm) diameter of flow. The amount
of SP added collated with flow diameter is presented in Figures 2 and 3, respectively. It
was predictable that in both cases of RFC usage, it would enhance the water demand and,
thus, decrease the consistency. The necessary SP amount raised from 0.37 g up to 2.9 and
3.0 g for 25% cement replacement by RFCD, but it raised greatly (up to 12 g) for 50% of
such replacement. In the first case, the behaviour of cement mixed with RFCD ground to
0.063 mm and 0.125 mm is similar, suggesting that in terms of consistency, it is not viable to
grind to the finest grain size. In the second case, the use of SP in such large quantities may
not be economically or environmentally justified. In the case of composites with w/c = 0.5,
substituting 10% of the sand with RFCA resulted in the need for 5.55 g of SP, and increasing
this percentage to 20% required as much as 22.5 g of SP—the maximum dose allowed by
the standard (5% m.c.). In the case of composites with w/c = 0.6, the reference mortar
did not require SP, and even so, the resulting flow diameter was much greater than that
assumed at the beginning. Substituting 10% sand for RFCA necessitated the use of 3.12 g
of SP, and increasing this percentage to 20% required 8.15 g of SP, and only substituting
30% required the maximum dose allowed by the standard (5% m.c. = 22.5 g).

3.1.2. Fresh Density

The density of fresh mortars is given in Figure 4. The reference mortar for w/c = 0.5
had a density of 2.31 g/cm3. For w/c = 0.6, it was slightly lower at 2.28 g/cm3. With a 25%
RFCD cement substitution, the density was lower but comparable regardless of the fraction
of RFCD used. With 50% cement replacement, the density dropped to 2.13 g/cm3.

With a 10% sand substitution with RFCA, the density decreased to 2.16 and 2.14 g/cm3

for mortar with w/c = 0.5 and w/c = 0.6, respectively. Differences can be seen for mortars
with a 20% sand replacement with RFCA, where in the case of the composite with w/c = 0.5,
large amounts of SP had to be used, which could lead to excessive aeration of the mix. This
resulted in a large drop in density. This effect is not seen with mortars with w/c = 0.6. With
a 30% sand replacement in the latter, the density dropped to 2.08 g/cm3, which still places
this composite in the range of normal mortars.
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3.1.3. Initial Setting Time

Initial setting time is very important from a practical point of view. If the time is
too long, the required mechanical properties will not be achieved quickly enough, and
if it is too short, the workability period of the mix will be shortened. In the case of the
mixtures tested, all times are within the desired range for practical reasons, even if they
look too long. This is caused by the method, according to EN 480-2 [60], that requires
testing using mortars, for which the initial setting time is much longer than for respective
standard consistency cement paste tested according to EN 196-3 [57]. The results are given
in Figure 5.

An interesting relationship is noticeable. When replacing cement with RFCD, the
initial setting time decreases compared to the reference mortar, while when replacing sand
with RFCA, the time increases. When using 25% RFCD, the initial setting time decreases by
about 30–35%, depending on the fraction of dust used. A reference mortar with w/c = 0.6
has a longer initial setting time than one with w/c = 0.5, which is entirely normal. The
same relationship applies to mortars with 10% RFCA content. In this case, the initial setting
time is approximately 50 and 60% longer than for reference mortars with w/c = 0.6 and 0.5,
respectively. The initial setting time for a mortar in which 20% sand has been substituted
for RFCA is even longer and may be considered impractical, but there are no standards
describing the maximum initial setting time. The mixes C50, P20, and P30(W+) could not be
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examined because of exceeding the maximum dosage of SP to obtain standard consistency.
Further adding of SP may lead to significantly unreliable results; thus, mixtures were not
subjected to tests. Note that admixtures that accelerate the setting can be used to modify
the initial setting time [63].
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3.2. Hardened Composites Properties
3.2.1. Density

The dry density of hardened mortars is similar to that of fresh mortars. The results
are given in Figure 6. As the RFCD or RFCA content increases, the density decreases. The
fineness of RFCD added as a cement replacement has no effect on density. The addition
of 10% RFCA results in the same reduction in density for mortars with w/c = 0.5 and 0.6.
As with the density of the fresh mortar, differences can be observed in mortars with 20%
RFCA, in which large amounts of SP had to be used for a composite with w/c = 0.5, which
could lead to excessive aeration of the mix. This resulted in a large decrease in density. This
effect is not found in mortars with w/c = 0.6 with a lower SP amount.
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Figure 6. Density of oven-dried hardened mortars after 28 days of curing.

3.2.2. Absorbability

The absorbability of hardened mortars is ruled by an inverse relationship to density.
The more recycled foam concrete material, the higher the absorbability of the mortars.
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The results can be seen in the graph in Figure 7. In this case, it is also observed that
the fineness of RFCD as a cement replacement has no effect on absorbability. Mortars
containing RFCA as a substitute for sand show higher absorbability than those containing
RFCD as a substitute for part of the cement. It should be noted that, in absolute terms, the
RFCD content in C25 and C50 mortar is 112.5 g and 225 g, respectively, while the RFCA
content in P10 and P20 mortar is 135 g and 270 g, respectively. This gives a ratio (Cxx/Pyy)
of 0.83 and, in terms of the equivalent for P10 and P20 mortars, an absorbability of 6.91%
and 8.57%, respectively. These values are slightly lower but comparable to those for C25
and C50 mortars, respectively.
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3.2.3. Compressive Strength

The compressive strength was tested on mortar samples with dimensions of 160 ×
40 × 40 mm. Each type of mortar, at each date (2, 7, and 28 days), was tested using six
samples. In neither case was a standard deviation greater than 3% of the average value
recorded. Results are given in Figures 8–10.

The use of waste foam concrete as a replacement for cement reduces the strength of
the composite compared to the reference mortar. This effect is evident in all terms. Detailed
results are shown in Figure 8. For the mortar containing 25% RFCD, the relative strength
gain between 7 and 28 days is similar to that of the reference mortar. For the mortar
with 50% RFCD, no clear strength improvement is observed after the 7th day. As with
other properties of hardened mortars, the maximum grain size of RFCD has no effect on
compressive strength.
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RFCA used as a replacement for sand also reduced the compressive strength in all
terms. The graphs are shown in Figures 9 and 10 for mortars with w/c ratio = 0.5 and
0.6, respectively. It is noteworthy that a much greater difference in strength was recorded
between the reference mortar and that containing 10% RFCA than between the latter and
that containing 20% RFCA. However, this only applies to mortars with a w/c ratio of
0.5. At w/c = 0.6, the differences are proportional to the foam concrete waste content. A
very important factor influencing the mechanical properties of cement-based composites is
specifically the w/c ratio. This influence is somewhat less in the case of mortars containing
lightweight aggregate. This can be seen in both types of mortar (P10 and P20) compared to
their counterparts with higher w/c (P10(W+) and P20(W+)). For example, for the 28-day
strength, the REF/REF(W+) ratio is 1.38, while for those containing foam concrete waste,
these values are lower. For P10/P10(W+), it was 1.12, and for P20/P20(W+), it was 1.15.
Lightweight aggregate absorbs more water than natural aggregate and reduces the w/c
ratio of the cement paste. This new ratio is called the effective water-to-cement ratio. The
absorbed water will also act as a reservoir for the water needed to cure the cementitious
composite and will allow internal self-curing of the mortar containing RFCA.

3.2.4. Thermal Properties

Thermal properties were assessed with ISOMET 2114. Thermal conductivity (λ)
[

W
m·K

]
and volume heat capacity (cρ)

[
J

m3·K

]
tests results are presented in Figures 11 and 12,

respectively. Both values decrease together with the rising content of foam concrete waste
in mortar. In the case of RFCD replacing cement, λ decreased by about 10 and 20% for
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25 and 50% cement replacement with waste, respectively. For RFCA replacing sand, the
decrease was much more significant at 30%, 43%, and 50% for 10, 20, and 30% replacement,
respectively. It should be remembered that a 20% level of sand replacement with RFCA
allows more waste to be used than a 25% cement replacement with RFCD. The better
insulating capacity of waste RFCA than RFCD is due to the higher air content. This results
in better behaviour of mortars containing RFCA. The differences seen in heat capacity are
not as evident as λ for mortars with RFCD content as a replacement for part of the cement.
The ability to hold heat decreases with increasing waste content, but the difference is close
to zero. When RFCA is used as a substitute for sand, the decrease is more pronounced,
reaching about 15% at 30% RFCA content, a much smaller decrease than in the case of
thermal conductivity.
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According to Nowak et al. [64], the authors proposed a methodology for comparing
concretes containing waste not in terms of mechanical properties alone but these properties
in combination with the thermal conductivity coefficient. The equation ϕ = fc/λ, which
connects compressive strength (fc) and thermal conductivity coefficient (λ) in the form of
the thermomechanical index (ϕ), was proposed. Due to the lack of a physical connection,
the authors decided not to include units for the value obtained from it. This index is of
practical use, assuming that sufficiently high standards for the strength of the concrete are
maintained. In this way, material selection can be optimised. The proposed solution seems
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reasonable due to the fact that most waste materials deteriorate mechanical properties, but
some of them can improve insulating properties. Thinking about the equal importance of
the mechanical performance of concrete and other characteristics makes the assessment of
the material’s functionality a more complicated case. This is evident in the situation when
a composition change of the concrete mix is followed by beneficial changes in some of
the properties and unfavourable changes in other parameters. Figure 13 shows the values
of this coefficient. For mortars containing RFCD as a replacement for cement, its value
decreases proportionally to the waste content. For the replacement of sand with RFCA, the
coefficient is similar to the reference sample but slightly higher for mortars containing foam
concrete waste. The highest values are recorded for 10% and 20% of sand replacement.
This is related to the preservation of sufficient strength and the reduction of the thermal
conductivity coefficient. At RFCA content of 30%, the value of this index is lower. For
practical reasons, it is not possible to prepare a mortar with a higher RFCA content than
30%, but further deterioration of the index is likely to be seen.
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Figure 13. Thermomechanical index of tested mortars calculated according to formula proposed
by [64].

3.2.5. Correlations of Mortars Properties

In Figures 14 and 15, the relationships of thermal conductivity coefficient to density
and thermal conductivity coefficient to compressive strength are shown. The graphs show
that within the assumed range of amounts of RFCD and RFCA as a substitute for cement
and sand, respectively, these relationships can be approximated to linear while maintaining
reasonably accurate results. This is evidenced by R2 ratios above 0.96.

3.2.6. Microstructure

Observations with the SEM revealed the normal microstructure of the reference sample.
This is shown in Figure 16. Sand grains (1) surrounded by cement paste can be seen, in
which most of the observed area is the CSH phase (3), among which air pores (2) filled with
hexagonal portlandite crystals can be found. The microstructure of samples containing
RFCD and RFCA foam concrete is shown in Figures 17 and 18, respectively. These have
the same elements, additionally complemented by foam concrete particles with a clearly
visible porous structure. Also visible in the pores of these mortars are needles of ettringite
next to plates of portlandite in the air pores. In the case of the sample in which the cement
has been replaced with RFCD, the foam concrete particles are noticeably smaller in size
than in the case of the RFCA replacing sand, which are similar in size to the sand particles.
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4. Discussion

Deterioration of mortar consistency by substituting part of the natural aggregate
with recycled concrete aggregate is normal. This is caused by the increased absorbability
of the recycled aggregate [65,66]. The magnitude of the phenomenon is even greater as
the aggregate used is a lightweight aggregate, being obviously more porous [67,68]. The
superplasticiser used made it possible to test the properties of the fresh mortars and to
prepare samples for mechanical properties tests up to 50% RFCD and 30% RFCA. Other,
potentially more effective admixtures can be used to further improve consistency and the
possibility of making composites containing a greater amount of waste. Further increases
in the amount of water are not recommended due to the need to maintain mechanical
parameters at an appropriate level.

Some SPs can lead to excessive aeration of the mix if used in overly large quantities [69].
This is evident in the density of fresh and hardened mortars.

An interesting relationship can be observed in the change in the initial setting time of
mortars where cement or sand is substituted. When RFCD is used instead of part of the
cement, the initial setting time decreases compared to the reference mortar, and when sand
is substituted for RFCA, the time increases. In the first case, this is because of the addition
of fine particles of hydrated cement to the mixture, which can act as crystallization nuclei
and cause the products of this reaction to form in the inter-grain space [70]. The second
case is different, and its explanation is based on the essence of the test method, and this
may be an apparent increase. The test method consists of penetrating the mixture with a
needle in a Vicat apparatus and determining the point at which it stops at the designated
position. The idea behind the method is to maintain the same consistency of the mix. In the
case of mortars with a standard aggregate, the aggregate does not affect the consistency
of the mix and the ability of the Vicat apparatus needle to penetrate it. Such aggregate is
hard, and upon contact with the needle, it will displace and create resistance to the needle’s
movement. Lightweight aggregate is less mechanically resistant and can be penetrated by
the Vicat apparatus needle and distort the test result.

It is difficult to compare exact values of compressive strength and thermal conductivity
coefficient with results from the literature due to differences in the materials used and their
proportions. The reported development of mechanical properties, density, and absorbability
is similar to those reported in the literature for other lightweight aggregates [37,65–68,71].
In shaping the mechanical properties of composites containing lightweight aggregates, the
effective w/c ratio has a strong influence [36,42]. This is a greater influence than for ordinary
aggregates. This effect is observed in the present study. Many of the cited articles deal only
with the mechanical properties of cementitious composites, without mentioning the thermal
properties, which in the case of a material with insulating properties is very important.
Below in Table 3 are shown the results of compressive strength, thermal conductivity
coefficient, and the thermomechanical index calculated from them, depending on the level
of aggregate replacement. It can be seen that with increasing amounts of lightweight
demolition waste, the thermomechanical index decreases. Thanks to it and by determining
a satisfactory level of compressive strength, it is possible to determine the optimal aggregate
composition for new composites.

In the case of replacing cement with ground demolition waste originating from
lightweight materials, there are far fewer studies. However, it can be seen that they
can positively affect the compressive strength of cement mortars. This applies, however, to
a limited amount of them. The results given in Table 4 are for AAC, which does not contain
a foaming agent that can affect the mechanical properties of cementitious composites.
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Table 3. Compressive strength and thermal conductivity coefficient of composites containing lightweight concrete in crushed form as a substitute for aggregate after
28 days, according to [48,49,51,68].

Reference Aggregate Used Replacement Level Compressive Strength
(MPa)

Thermal
Conductivity Coefficient (W/mK)

Thermomechanical Index Acc.
to [64]

[48] Crushed cellular concrete

100% natural aggregate 33.2 2.07 16.04

20% recycled coarse aggregate 22.4 1.96 11.43

40% recycled coarse aggregate 12.33 1.74 7.09

60% recycled coarse aggregate 13.47 1.63 8.26

100% recycled coarse aggregate 9.05 1.32 6.86

100% recycled coarse aggregate;
100% recycled fine aggregate 8.40 1.18 7.12

[49]

AAC

100% natural sand 24

n/d

15% crushed AAC as fine aggregate 20

30% crushed AAC as fine aggregate 12

CLC

100% natural sand 24

15% crushed CLC as fine aggregate 19

30% crushed CLC as fine aggregate 9

[51] ACC

100% recycled aggregate * 12–16 0.39–0.45 30.77–35.56

100% recycled aggregate * 6–9 0.28–0.36 21.43–25.00

100% recycled aggregate * 2.5 0.28–0.36 8.93–6.94

[72] ACC

100% natural aggregate 33.8

n/d

10% recycled AAC 0.15–4.75 mm 33.8

20% recycled AAC 0.15–4.75 mm 32.6

50% recycled AAC 0.15–4.75 mm 26.9

10% recycled AAC 0.15–0.3 mm 35.8

20% recycled AAC 0.15–0.3 mm 38.1

50% recycled AAC 0.15–0.3 mm 37.2

10% recycled AAC 0.3–4.75 mm 33.2

20% recycled AAC 0.3–4.75 mm 31.9

50% recycled AAC 0.3–4.75 mm 25.7

* Various mix composition (cement, w/c ratio, etc.). n/d means “no data”.
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Table 4. Compressive strength of composites containing lightweight concrete in ground form as a
substitute for cement after 28 days, according to [49].

Reference Material Used Replacement Level Compressive
Strength (MPa)

[49]

Ground AAC 100% cement 24

15% ground AAC 22

30% ground AAC 18

Ground CLC 100% cement 24

15% ground CLC 27

30% ground CLC 24

5. Conclusions

The research presented in this article was conducted to evaluate the suitability of
specific demolition waste for reuse as an ingredient in cement mortars. The simultaneous
determination of thermal and strength properties was performed. The aim of the research
was to determine and compare the possibilities and amounts of waste used as a substitute
for sand or cement.

1. Waste from the production of foam concrete can be used in the preparation of mortars.
When added in small quantities, it causes an acceptable deterioration in mechanical
properties while improving thermal properties. This material can be used especially
in the production of plasters and mortars.

2. Replacing part of the sand with waste foam concrete improves the thermomechanical
index, defined as the ratio between compressive strength and thermal conductivity
coefficient. This shows the suitability of this material. Replacing part of the cement
reduces the value of this index.

3. There is no need to over-mill RFCD. The results of the density, absorbability, and com-
pressive strength tests show that replacing the cement with RFCD with a maximum
grain size of 0.063 mm and 0.125 mm in the same amount does not affect these values.

4. The linear correlations of density—thermal conductivity coefficient and compressive
strength—thermal conductivity coefficient are good for both the replacement of the
cement part with RFCD and the sand part with RFCA.
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