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Abstract

When processing construction and demolition waste, determining the most effective waste management, potential
use and recycling method for the identified materials is a key element. To do this, it is necessary not only to deter-
mine the type of materials, but also knowledge which aspects of the quality of the original materials are relevant

for recycling and the ability to determine the values of these parameters as easily and quickly as possible, directly dur-
ing demolition activities, is highlighted as an effective tool. This paper, intended as a case study, focuses on the evalu-
ation of the effect of finely ground parent concrete as a cement component, the main objective being to find

out whether the differentiation of the quality of the parent concrete, by compressive strength, plays a significant

role. The parent concrete, the powder prepared from it, and the new standard mortar mixes, were analysed to obtain
a comprehensive picture of the possibility of predicting the properties of the mixes based on the strength of the par-
ent concrete. In general, no clear effect of the parent concrete strength on the flexural strength, compressive strength,
water absorption, and ultrasonic pulse velocity values of the new generation mortar was observed. However, finely
ground recycled concrete have shown a nice potential to be incorporated in Portland fine-grain cements, reaching
strength classes 32.5 and 42.5. Care and precise verification require a 25% replacement, especially in the case of low
strength parent concrete.
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1 Introduction
The demolition of structures increasingly (and to vary-
ing degrees in different countries) requires that the
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possible, with the aim of safely handling hazardous
substances and facilitating reuse and recycling, while
ensuring the establishment of sorting systems for con-
struction and demolition waste (C&DW). In order to
meet the objective, there is a need to focus on a more
consistent application of the waste recovery hierarchy,
i.e., an increase in the rate of reuse, as well as increasing
more valuable ways of recycling materials, but mainly
concrete, than is currently the case.

One of the tools for effective management of C&DW,
recommended by European Commission, is Pre-Demo-
lition Audit (European Commission, 2018). Its task is to
identify and give recommendations on the possibilities
of reuse and recycling of materials arising in the pro-
cess of demolition or renovation, thus contributing to a
lower rate of landfilling. The role of audit before demoli-
tion is increasingly important, especially when it comes
to planning demolition projects and providing informa-
tion contributing to sustainability and should be a part of
the specifications for tenders. Although pre-demolition
audits are not yet mandatory for all, they are increas-
ingly being promoted as there is a growing demand for
an accurate determination of environmental benefits in
relation to the application of circular economy principles.
For example, it is included within the BREEAM scheme
(BREEAM International New Construction, 2021) as part
of the building sustainability assessment process to ena-
ble project holders to gain credits for the environmental
management of demolition waste.

The point of the audit that we would like to highlight is
the auditor’s task to determine the most effective further
waste management, potential use and recycling method
for the identified materials. To do this, it is necessary not
only to determine the type of materials but also, where
possible, their quality. As for a detailed analysis of the
building and the products and materials it contains, ide-
ally, this will be informed by an existing documentation
research. The extent of the research is typically decided
by the auditor, but the minimum requirement is to study
technical drawings and material inventory from the
design documentation or any more recent documenta-
tion of the building or infrastructure (Wahlstrom et al.,
2019). However, the basic part of the audit is a field sur-
vey, which, mainly in case of old buildings, when there is
no documentation about the object, is a must. A range
of methods for determining the types of materials in the
construction comes into play, e.g., portable XRF, IR spec-
trometers, 3D scanners, as well as manual checklists sup-
ported by different national guidance documents with
information on the period of use of certain materials.
Many of these methods are used to distinguish between
materials, but, within a specific group of materials, these
are also used to describe their quality.
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Concrete structures intended for demolition have—by
the very nature of concrete as a material—a considerable
variability of properties. This is due to a number of fac-
tors such as the composition of the original concrete, the
age of the structure, the conditions to which it has been
subjected during its service life (Liu et al., 2016; Naderi
& Kaboudan, 2021; Pani et al., 2020). For deciding on the
waste management and design of recycling in terms of
pre-demolition auditing, it is necessary:

— to know which quality aspects of the original con-
crete are relevant for recycling; and.

— to be able to determine the values of these parame-
ters as easily and quickly as possible, directly during
the audit.

These aspects of the pre-demolition audit are still in
process and studies are needed to set up the activities
to determine how much the quality of the original con-
crete affects the properties of the new concrete. In fact,
several studies have shown that the strength of the parent
concrete, from which the recycled aggregate is obtained,
influences the strength of the new concrete. Specifi-
cally, concrete using recycled aggregates obtained from
high-strength concrete has superior mechanical proper-
ties and chloride resistance, compared to concrete using
recycled aggregates from normal-strength concrete (Kou
& Poon, 2015). Similarly, concrete made from recycled
aggregate derived from frost-resistant concrete, such as
air-entrained concrete, has been shown to exhibit bet-
ter freeze—thaw resistance (Liu et al., 2016). These effects
are due to the characteristics of recycled aggregates gen-
erally having higher density and lower water absorption
obtained from high-quality concrete (Akbarnezhad et al.,
2013; Kim, 2022). The relationship between the quality
of recycled aggregates and the properties of the concrete
containing them is well established (Choi et al., 2016;
Mardani et al., 2024).

However, previous studies investigating the relation-
ship between the properties of the parent concrete and
those of the new concrete have focused solely on aggre-
gates obtained from the parent concrete. To achieve zero
waste from concrete waste and reduce dependence on
cement for sustainable concrete, the utilisation of recy-
cled concrete powder (RCP) generated from the recy-
cling process of concrete waste should be considered
(Kim et al., 2023). In general, using RCP as a cement
replacement reduces the performance of cementitious
materials due to low reactivity of RCP and dilution effect
caused by RCP. Therefore, high-volume use of RCP in its
original form is not desirable from a performance per-
spective, and some studies have reported the acceptable
replacement rate of RCP to be 30% (Ma et al., 2020; Tang
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et al., 2020; Xiao et al., 2018). To overcome these draw-
backs, investigations into the efficient utilization of RCP
have been conducted. Various methods, including ther-
mal, chemical, and mechanical treatments, as well as car-
bonation, have been reported to enhance the reactivity of
RCP (Kim & Jang, 2024; Vashistha et al., 2022). Notably,
promising results have been observed with the use of 40%
RP combined with thermal treatment and mechanical
milling, showing only about a 7.8% reduction in 28-day
compressive strength compared to the control group
with no RCP (Vashistha et al., 2023a). Furthermore, it has
been reported that incorporating 10% silica fume allows
for the use of 50% of this thermally mechanically acti-
vated RCP, achieving higher 28-day compressive strength
than the control group, while also halving CO, emissions
(Vashistha et al., 2023b).

Therefore, this study, intended as a case study, aims to
evaluate the effect of powdery-grained parent concrete
as a cementitious component, with the main objective
being to determine whether the differentiation of par-
ent concrete quality by compressive strength plays a sig-
nificant role. Determining the compressive strength of
existing structures is one of the less demanding tasks,
either destructively when greater accuracy is required
(using cylindrical cores), but non-destructive determina-
tion using a hardness tester is faster and still sufficient.
The auditor would, thus, be able to very quickly recom-
mend an effective method of recycling and direct other
waste flows to the final processor. For this case study, a
60-year-old dam was chosen as a model building for the
design of a recycling method after possible demolition,
from which, real concrete samples (cores) were taken
for reconstruction work. In the case of a demolition
audit, the same procedure can be used to characterise
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the quality of concrete, or strength data can be obtained
by non-destructive methods. The hardness method pro-
vides quick and easy support for the selective demoli-
tion of massive concrete structures and obtaining graded
material of defined quality. Core samples were obtained
from different parts of the structure. Ground parent
concrete was tested as a binding component, while two
aspects were respected during the design of the composi-
tion: a qualitative point of view (strength of the original
concrete) and a quantitative point of view (percentage
replacement of cement. The parent concrete, the powder
prepared from it, and the new standard mortar mixes,
were analysed by several methods to obtain a compre-
hensive picture of the possibility of predicting the prop-
erties of the mixes based on the strength of the parent
concrete. The results are also discussed in terms of the
time evolution of properties as well as the potential of
RCP to formulate modern types of Portland recycled
cements according to EN 197-6 (2023) Cement—Part
6: Cement with recycled building materials, with which
there is yet little experience.

2 Materials and Methods

2.1 Materials

Recycled concrete powder (RCP) for partial replacement
of cement was obtained from several core samples of a
concrete dam in Slovakia, which has been in use for about
60 years. To study the effect of parent concrete strength
on the recycling of the concrete waste as a cement
replacement, the sample cores (Fig. 1a) were classified
into three groups based on their compressive strength
determined by the standard destructive test: low-strength
concrete in the range of 20-25 MPa (RCP-L); medium
strength concrete in the range of 30-35 MPa (RCP-M);

Fig. 1 lllustration of RCP materials in the sequence from a parent concrete samples, b intermediate crushing step, to ¢ the new mortar samples
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Table 1 Chemical composition of cementitious binders

Type Ca0 sio, AlLO, MgO Fe,0, K,0 SO, Tio, MnO
Cement 64.06 19.93 435 495 2.87 031 245 0.25 0.46
RCP-L 29.83 4751 5.69 297 1.99 0.99 1.04 0.21 0.14
RCP-M 2841 46.32 6.35 340 2.00 1.10 093 0.21 017
RCP-H 26.64 4243 513 313 1.58 0.79 0.90 0.18 0.14

Table 2 Particle size distribution of cementitious binders (um)

Type D10 D50 D90

Cement 1.928 9.797 30.362
RCP-L 3.807 36.941 113.585
RCP-M 3499 32.650 101.477
RCP-H 6.063 58.352 145.407

high-strength concrete in the range of 40—-45 MPa (RCP-
H). Afterwards, to obtain RCP from the concrete cores,
several cycles of crushing were conducted using a labora-
tory jaw crusher, by gradually reducing the gap between
the jaws of the crusher: the first crushing removed par-
ticles larger than 4 mm that could potentially be used as
coarse aggregate (Fig. 1b). The second crushing removed
particles larger than 0.5 mm. The remaining particles
were repeatedly crushed and sieved to collect particles
smaller than 0.125 mm and used as a partial replacement
for cement to produce new mortar samples (Fig. 1c).

An ordinary Portland cement (CEM I 52.5 R), con-
forming to the European Standard, EN 197-1, was
employed as the binding agent. Standardized sand, con-
forming to EN 196-1, was used to prepare standard mor-
tar mixtures.

To characterise the powdery input materials (cement
and RCP-L, M, H), following three methods and relevant
parameters were determined:

— X-ray fluorescence analyser (SPECTRO IQII, AME-
TEK, Germany), to determine the chemical composi-
tion (Tab. 1)

— laser granulometer (Mastersizer 2000, Malvern
Instruments Ltd, UK), to determine the particle size
distribution (Tab. 2 and Fig. 2)

— thermo-gravimetric analyser TG-DTA/DSC (STA
449 F3; NETZSCH, Germany), to determine the
thermal stability of materials. Tab. 3 presents mass
losses representing the decomposition of the CSH
phase, portlandite and carbonates. Fig. 3 show DSC
and TG curves of RCPs, respectively.

From a cumulative view of the properties of the input
materials, it can be noted that the best quality RCP
specimen in terms of compressive strength (RCP-H) is
confirmed also by TG analysis. In Fig. 3, it is possible to
see the peaks attributed to the decomposition of typical

Table 3 Mass losses of RCPs, determined by TG analysis

Type Mass loss (%)

70-400 °C (CSH) 400-500 °C

(portlandit)

600-900 °C
(carbonates)

RCP-L 6.67 1.28 11.22
RCP-M 4.80 1.19 11.26
RCP-H 8.65 1.38 8.65

Volume (%)
wv
o

Particle Size (um)

10 100 600

Fig. 2 Particle size distribution of cementitious materials, namely: cement (black), RCP-L (red), RCP-M (green), and RCP-H (blue)
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Fig. 3 DSC and TG curves of RCPs

hydration products of concretes (CSH phase and port-
landite), the polymorphic transformation of quartz, as
well as the peak attributed to the decomposition of car-
bonates. This peak indicates an ongoing carbonation
process in the concrete materials. Based on the area of
the carbonate decomposition peak, it can be concluded
that parent concrete M contained the highest amount of
carbonate, indicating that it was the most carbonation
damaged compared to the other two concretes. On the
contrary, parent concrete H contained the lowest amount
of carbonates and, therefore, showed the lowest degree of
carbonation, which is supported by the fact that the peak
of portlandite in the 400—500 °C interval was also present
in concrete H (as seen in the DSC curve of concrete H—
Fig. 3). The assumption of the highest quality of concrete
H is also supported by the highest weight loss of 8.65%
in the temperature range 70—-400 °C, which is attributed
to the decomposition of the CSH phase. The parent con-
crete sample M appears to have the worst functional
parameters in terms of the lowest CSH phase content
and the highest degree of carbonation, while sample H
appears to be the most stable in this respect. (Table 3 and
Fig. 3). On the other hand, a likely consequence of this
higher strength and overall quality of parent concrete H
was the coarser grain size of the RCP-H powder (Fig. 2),
which was prepared by the same process as the other two
(as described above). This fact is subsequently echoed in
the results obtained, as will be discussed below.

2.2 Preparation of RCP Mortars

The preparation of RCP-mortar samples, including the
mix compositions, was carried out according to EN
196—-1: Methods of testing cement—DPart 1: Determi-
nation of strength. The mix proportions of 10 groups
of mortars were prepared, including the control one
without RCP, and 3 groups of 3 mixtures according to
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Table 4 Mix proportions of mortars (g)

ID Water Cement RCP-L Sand
Control 225 450 0 1350
L5 225 427.5 225 1350
L15 225 382.5 67.5 1350
L25 225 3375 1125 1350

the strength of the parent concrete (L, M, H) and the
replacement rates of cement by RCP (5%, 15%, and
25%). Table 4 shows the principle of mix compositions
for “L” group, namely, L5, L15 and L25. Sample groups
M and H were prepared with the same composition
rule. Each mixture was named by the strength of the
parent concrete and the replacement rate of the RCP.
For example, H25 describes a mixture containing 25%
RCP obtained from high strength concrete. The men-
tioned binders were designed in accordance with the
relatively new standard EN 197-6 ‘Cement—Part 6:
Cement with recycled building materials’ (EN197-6,
2023), according to which, they fall into the follow-
ing types: Portland fine-grained recycled cement CEM
II/A-F (5% and 15% of replacement), and CEM II/B-F
(25% replacement). The standard defines finely ground
recycled concrete as mostly non-reactive. Residual
hydraulic or pozzolanic reactivity is possible but does
not contribute significantly to the reactivity of the
cement. These types of cement allow the specifier and
the user to contribute to the sustainability goals for
cement-based constructions and the circular economy
and to minimise the use of natural resources in accord-
ance with local production conditions.

After weighing, the materials were mixed in an auto-
matic mixer and cast into 40 mm x40 mm X160 mm
prismatic moulds. The cast samples were demoulded
after 24 h and cured in water at 20 + 2 °C until testing.
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2.3 Methods
Various properties of mortars were tested according to
standards.

The fluidity of the mortars in the fresh state was
tested in a flow table according to EN 1015-3 (EN,
1015-3, 1999). The mixture was dropped 15 times on
the flow table, and the diameters were measured in two
directions at right angles.

For the hardened properties of the mortars, the
strengths, water absorption, and ultrasonic pulse
velocity (UPV) were measured at ages of 28, 90, and
180 days.

Flexural and compressive strengths were tested accord-
ing to the procedures specified in EN 196-1 (EN, 2018).
The flexural strength was performed on prism speci-
men, and the compressive strength was conducted on the
specimen split in two, by the flexural strength test.

Water absorption was determined according to KS
F4004 (KS, 2018) using the difference between the satu-
rated mass (immersed in water until the test date) and
the dry mass (heated at 105 °C until there was no change
in mass) of the specimen.

The UPYV, a type of non-destructive testing, was meas-
ured by placing an ultrasonic receiver and transmitter at
the longitudinal ends of the prism specimen. To deter-
mine whether the measured UPV could provide accept-
able predictions, it was utilised for correlation analysis
with other properties.

Finally, an X-ray diffractometer (D2 Phaser, Bruker
AXS, Germany) was used to identify the mineralogical
composition of the mortars and compare them. For the
test, hardened samples were grinded to obtain powdery
form.

For the hardened properties, three specimens per series
were tested and the average values are presented, includ-
ing the standard deviation.

3 Results and Discussion

3.1 Flow Table

The test results of the flow table for the prepared
mortar mixtures are shown in Fig. 4. The flow of the
standard mortar was 171 mm and that of the recycled
mortar ranged from 151 mm (M25) to 174 mm (M5).
As the replacement rate of cement by RCP increased, a
clear decrease in the flow of the mixture was observed.
This is due to the increased water demand for flow
due to the coarser and more porous RCP particles
than cement (Jiang et al., 2022; Kim & Choi, 2012; Kim
et al., 2023). The effect of RCP obtained from parent
concretes with different strengths on the flow of mor-
tar was not clearly identified. At each replacement rate,
the difference in the flows of L, M, and H mixtures did
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Fig. 4 Flow table test of mortar with and without RCP

not exceed 10 mm, which indicates that the influence
of the parent concrete on the flow of RCP mortar is
insignificant.

3.2 Flexural Strength

The test results of the flexural strength of mortars cured
for 28, 90, and 180 days are shown in Fig. 5. Regarding the
effect of RCP replacement rate, a gradual decrease in flex-
ural strength was expected with increasing replacement
rate, but some irregular results were observed. For exam-
ple, the 28-day flexural strength of M5 mortar was 6%
lower than that of the standard mortar, but M15 mortar
showed slightly higher flexural strength than M5 mortar.
In addition, the 28-day flexural strength of H15 mortar
was reduced by 20% compared to the standard mortar,
but the flexural strength of H25 was slightly increased
compared to H15. However, from an overall perspective,
as the replacement rate by RCP increased, the flexural
strength decreased, which is generally consistent with the
results of previous studies (Kim et al., 2023).

In general, the flexural strength of the mortars prepared
in this study peaked at 90 days of age, but for some sam-
ples (L5, L25, and H25), the 90-day strength was lower
than the 28-day strength. Specifically, the 180-day flexural
strengths of all mortars, except for the L25 sample, were
lower than the 90-day flexural strengths, indicating that
the use of RCP did not have a favourable effect on long-
term development of flexural strength. This behaviour
is not only inconsistent with the compressive strength
results of this study, but also contradicts a study that
stated that extended curing period has a positive effect
on the flexural strength of RCP mortars due to the poz-
zolanic activity and filler effect of RCP (Tang et al., 2020).
Although not mainstream, similar results were reported
in a study by Topic et al. (Topi¢ et al., 2016). In that study,



Si¢akova et al. Int J Concr Struct Mater (2024) 18:80

Page 7 of 17

12
@md28_mdo0 @di80
< -6% 3% [F3% -17%
% 2Y6-3% s 6% -23%
= 10 18%
= T v
0
g
E 8
= 23 =B =E sz
6 il i g
Control M5 M15 M25
(b)

__,,@d28 @d90 @d180

-20% -17%
-8%

12
@d28 @do0 @md180
= 4% -18% 24%
E A 9%-23% }+23%-18Y%
= 10 11%
B0
8
T 8
3
=
6
Control L5 L15 L25
(@)
12
]
<10
)
e
T s
=
=
63
6

Control

-10% -14%

H15 H25

(©
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the long-term flexural strength (287 days) was approxi-
mately 11% lower than the 28-day flexural strength, while
the compressive strength increased by 96% over the same
period, and authors point out that it needs to be further
studied and explained.

For here presented study, the authors would like to
put forward two views. The first is the assumption of a
degradation process just starting at around 180 days
(probably leaching of the Portlandite), which is not yet
reflected in the compressive strength, as concrete is more
effective against this action. This could be confirmed by
longer-term observations that would reflect degradation
processes for this strength as well. Second, the authors
would like to point out for the moment the likelihood of
more indicative res3 as well.ults for compressive strength
and other properties tested. It may be noted that (as
given below), the compressive strength results are more
consistent with standard assumptions (e.g., that strength
will decrease as the proportion of replacement increases,
which is always true for compressive strength but not
always true for flexural strength) or based on UPV
results, which correlate better with compressive strength
than with flexural strength—see Figs. 6, 7. While for

flexural strength the R? values go from 0.5392 to 0.6872,
for compressive strength, they are from 0.8392 to 0.959.

Fig. 8 compares the flexural strength at 28 and 180 days
of age. For given replacement rates, the difference
between minimum and maximum flexural strengths
at 28 days is relatively large, ranging from 0.79 MPa to
1.84 MPa, but this difference stabilised at 180 days in the
range of 0.73 MPa to 0.89 MPa, so that the mortars show
similar flexural strengths. In line with the compressive
strength results, there was no clear observed effect of the
strength of the mother concrete on the flexural strength
of the next-generation cementitious mixture. In Fig. 8,
it can also be noticed that the mortars with the strong-
est RCP-H are at the lower end of the values compared
to mortars L and M. It is assumed that the effect of the
larger grain size of RCP-H on its reactivity is more pro-
nounced here than the effect of its strength.

Plotting the maximum and minimum limits of the
values obtained for each test batch in the graphs com-
paring the performance of mortars defined with waste
from concrete with different strength classes is given in
Fig. 9. In this way, it is possible to visualize whether finely
ground parent concrete from more resistant parent con-
crete tends to generate mortars with better performance.
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It can be said that the signatures of the individual values  concrete in short-term horizon), and thus, the influence
are displayed essentially in a single line (with a larger of the strength class of the parent concrete appears to be
scatter in the L—28-day series, indicating the impor-  marginal

tance of the replacement level for low-quality parent
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concrete

3.3 Compressive Strength

The test results of the compressive strength of the mortar
specimens cured for 28, 90, and 180 days are shown in
Fig. 10.

In general, the compressive strength of cementi-
tious mixtures is rapidly developed in the early stages
and becomes moderate in the later stages (Corinaldesi
et al., 2016; Kotwa, 2019). In addition, in this study, the

assumptions about the increase in strength with time
are more clearly fulfilled; except for L15 and M15, mor-
tars showed an increase in compressive strength with
age. This may be due to a change in the tobermorite
content as indicated, e.g., for sample H25 (Fig. 11). The
figure shows the XRD recordings for the samples in
28 days and 180 days of curing. In 180 days, there was
an increase in tobermorite peak intensity at 50.09° and
29.2° 2theta, representing the CSH phase.
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As is widely recognised, it is a familiar fact that
increasing the replacement rate of RCP reduces the
hydration rate, subsequently leading to a reduction in
the compressive strength of mortar (Kim & Kim, 2023;
Kim et al., 2023). However, it is worth noting that the
use of RCP, particularly at high-volume replacement,
increases the loss of compressive strength over time.
Specifically, when compared to a control mortar with
the same curing duration, the compressive strength of
M5 is 3% higher at 28 days, 5% lower at 90 days, and
12% lower at 180 days. Furthermore, for M15, the
28-day compressive strength is 8% lower, indicating
no concerning losses. However, this difference grows
significantly to — 18% at 90 days and -31% at 180 days.
Similar behaviour can be seen with L samples, where
the compressive strength of L5 is 3% higher at 28 days,
3% lower at 90 days, and 1% higher at 180 days. For L15,
the loss of compressive strength progressively increases
to -7%, -16%, and -32%, at the given ages.

This is associated with reduced strength develop-
ment in the later stages due to the exhaustion of lim-
ited amounts of unhydrated particles in the early stages
of hydration (Gao et al., 2022). The finding of a long-
term strength disparity between the control mortar and
RCP mortar can be of utmost significance in practical
application and performance assessment. It indicates
that the application of current standards, primarily

180 days of curing (red) with tobermorite peaks indicated

requiring 28-day strength, may not be adequate for
quality assessment of RCP-based mortars.

To investigate the effect of the strength of parent con-
crete of the RCPs, the 28-day compressive strengths of
RCP-L, RCP-M, and RCP-H are presented in Fig. 12a.
At replacement rates of 5% and 15%, mortars contain-
ing RCP-L and RCP-M show similar strength, while the
compressive strength of RCP-H mortar is 8—12% lower
than that of RCP-L and RCP-M mortars. With a certain
probability, these results can be attributed to the dif-
ferent particle sizes of the RCPs, as shown in Table 2.
According to a study conducted by Du et al. (2023), the
fine RCP fraction exhibits a higher content of unhydrated
phases and aged hydration products, compared to the
coarse RCP fraction. In addition, the filling effect of the
fine RCP enhances the density and homogeneity of the
microstructure within the mixture, consequently improv-
ing its strength (Li et al., 2022). Hence, the strength of the
mortar with RCP-H, which has a larger particle size, is
comparatively lower than that of the others. The results
are also supported by a slightly lower content of hydrau-
lic oxides in RCP-H, as presented in Table 1. Similar to
flexural strength results, it is assumed that the effect of
the larger grain size of RCP-H on its reactivity is more
pronounced than the effect of its strength.

Fig. 12b shows the compressive strength at 180 days of
age. At given replacement ratios, the difference between
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the minimum and maximum compressive strength stabi-
lises, as is the case for the flexural strength. This is more
convincing at higher replacement levels (15% and 25%).
At 25% replacement and 180 curing days, the decrease
in strength compared to the control specimen is 40%
for L, 39% for M, and 42% for H, with strength values of
41.8 MPa, 42.1 MPa and 40.2 MPa, respectively. There-
fore, even here, no clear observed effect of the strength
of the parent concrete on the compressive strength of
the new generation cementitious mix can be deduced.
It appears that with increasing replacement ratio and
increasing age of the specimens, the strength of the par-
ent concrete becomes less significant.

Similar to flexural strength and according to visualiza-
tion given in Fig. 13 can be said, that the signatures of
the individual values are displayed essentially in a single
line (with a larger scatter in the L—28-day series), and
thus, the influence of the strength class of the parent
concrete appears to be marginal. More important and
clearly visible are differences indicating the importance
of the replacement level in each strength group of parent
concrete.
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In addition to the quality of the parent concrete, the
results obtained can be discussed in terms of testing
specific types of composite cements that contain RCP
as admixtures. According to EN 197-1, cement grades
can be categorised as 32.5, 42.5, and 52.5 based on their
28-day compressive strength (Fig. 12a). In this study,
certain mortars (L5 and M5) exhibited higher strength
than the control mortar, meeting the criteria for the 52.5
grade. While the compressive strength decreases as the
replacement rate increases, RCP-M and RCP-H satisfy
the requirements for the 42.5 and 32.5 grades. For RCP-
L, there is a significant decrease in strength observed at
25% replacement rate, which falls below the minimum
strength required by the standard. This indicates the need
for caution when considering high volume replacement
of RCP produced from low-strength concrete. However,
looking at the average results of all RCPs after 180 days, it
can be noted that although the reductions in compressive
strengths compared to the control sample (69 MPa) are
30% (15% replacement) and 40% (25% replacement), the
values of 48 MPa and 41 MPa, respectively, allow these
replacements to be considered and further tested for use
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Fig. 13 Compressive strength of L, M and H mortars at 28 days a and 180 days b according to quality level
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in CEM II/A-F or B-F type of cement according to EN
197-6.

3.4 Water Absorption

The water absorption by immersion of mortar samples is
shown in Fig. 14. The replacement rate of RCP played a
role in increasing the water absorption of mortar. While
the 28-day water absorption of the standard mortars was
6.67%, that of RCP-mortars increased to 6.76%, 7.71%
and 8.85% for the L series; 7.00%, 7.77%, and 8.73% for
the M series; 7.00%, 7.74%, and 8.42% for the H series, at
replacement rates of 5%, 15%, and 25%, respectively. As
reported in previous studies (Kim et al., 2023; Sharaky
et al,, 2021; Wu et al,, 2021, 2022), the incorporation of
RCP in cementitious materials reduces the formation of
hydration products in the cement matrix and makes the
microstructure porous, providing more paths for water
inflow.

The influence of RCP on the long-term behaviour
of water absorption in mortars was not consistently
observed. For the L series, water absorption decreased
at 90 days and increased again at 180 days for 5% and

15% replacement rates, while the opposite pattern
was observed at 25% replacement rate (i.e., increase at
90 days and decrease at 180 days).

Fig. 15 shows water absorption measured at 28 and
180 days. Like the strength test results, the effect of
RCP from parent concrete with varying strengths on
water absorption could not be conclusively interpreted.
For instance, at 5% replacement rate, the 28-day water
absorption followed the order of M=H>L. How-
ever, at 25%, the order reversed to L>M>H, which
reversed again to H>M>L at 180 days. Nevertheless,
it is noteworthy that, at the same replacement rate, the
difference in water absorption between the L, M, and
H series was 0.43% at 28 days and 0.67% at 180 days.
Hence, it can be considered that the strength of par-
ent concrete does not have a significant effect. Fig. 16
shows again marginal influence of the strength class of
the parent concrete on the water absorption of mortar
samples.

The water absorption results also support the con-
sistency of compressive strength results, exhibiting a
strong correlation. In Fig. 17, a strong linear relation-
ship with an R? value above 0.8 is demonstrated.
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3.5 Ultrasonic Pulse Velocity

The UPV results of the mortar samples at 28, 90, and
180 days are shown in Fig. 18. In cementitious mate-
rials, higher UPV values often indicate a denser
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microstructure. With increasing replacement rates, the
mixture became more porous and, consequently, the
UPV gradually decreased. Using 5% RCP resulted in a
UPV reduction of up to 1.5% compared to the reference
mortar, while at 15% and 25%, the reduction reached up
to 3.8% and 6.2%, respectively. Overall, the UPV showed
an upward trend over time, but the increase in 90-day
and 180-day UPVs remained within the range of 1-3% of
the 28-day UPV.

UPV values are frequently applied to the prediction of
various properties of cementitious mixtures. Fig. 19 plots
the relationship between UPV, compressive strength, and
water absorption, using regression analysis. As expected,
the UPV increased with higher compressive strength and
lower water absorption in the mortar samples, demon-
strating a good linear correlation irrespective of the par-
ent concrete’s strength.

3.6 XRD Analysis

The mortars were analysed for mineralogical composi-
tion by XRD to confirm or exclude any unexpected ele-
ment. As expected, all samples showed the presence of
the same minerals, such as P (Portlandite), Q (Quarts),
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C (Calcite), CSH (hydration minerals), and some S (sul-
phate minerals). As an example, a comparison of mor-
tars prepared with high strength RCP (RCP-H), along
with a control sample, is shown in Fig. 20. The XRD
patterns are essentially the same, indicating the forma-
tion of the same hydration products, without the pres-

ence of unexpected components.

4 Conclusions

For this case study, concrete samples from a 60-year-old
dam were taken from different parts of the structure to
obtain the parent concrete material, with different com-
pressive strengths. The samples were divided into three
groups of low, medium and high compressive strength
and ground into powder form: RCP-L, RCP-M, and
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RCP-H. They were tested as components of a blended
binder where they replaced 5%, 15%, and 25% of cement.
Standard mortars were then prepared according to EN
196-1, to test selected properties and to investigate the
role of the compressive strength of the parent concrete.
The following can be concluded:

— The influence of the parent concrete strength on the
flow of RCP fresh mortar was found to be insignifi-
cant;

— There is no clear observed effect of the strength of
the parent concrete on the flexural and compressive
strength of the next-generation cementitious mix-
ture;

— The results also indicate that the grain size of the
RCP has a greater effect on the final properties of the
mortars than its compressive strength or the pres-
ence of CSH phases;

— Differences between the strengths of the L, M, and H
mixtures are greater in younger ages (28 days), and
they are levelling off with age. At 180 days, there is no
significant difference between the strengths of these
groups of samples;

— No significant effect of the strength of parent con-
crete was found also for water absorption and ultra-

sonic pulse velocity values of new-generation mor-
tars;

RCPs have shown a nice recycling potential to be
incorporated in Portland fine-grain cements accord-
ing to EN 196-6, reaching strength classes 32.5 and
42.5. Looking at the average results of all RCPs after
180 days, it can be noted that although the reduc-
tions in compressive strengths compared to the con-
trol value (69 MPa) are 30% (at 15% replacement) and
40% (at 25% replacement), the values at 48 MPa and
41 MPa, respectively, allow these replacements to be
considered and further tested. The need for caution
comes when considering a high-volume replacement
of RCP (25%), especially in the case of low-strength
parent concrete, as here a 28-day results are not as
conclusive:

Irrespective of the parent concrete’s strength,
strong linear relationships between ultra-
sound and compressive strength (R* =0.876,
R?,=0.895, R?*;=0.882), ultrasound and water
absorption (R%* =0.795, R*,=0.919, R?*;=0.767),
and compressive strength and water absorption
(R%,4=0.8502, R%,=0.8272, R?,=0.871) were
found using regression analysis. As expected, UPV
increases with higher compressive strength and
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lower water absorption in the mortar samples, and
water absorption increases with lower compressive
strength.

Although appropriate methods have been chosen in
the experiment for the exact specification of the nature
of the input materials used, their assumptions for efficacy
in the new mixtures, as well as the resulting properties of
the new mixtures, the study certainly has its limitations,
arising from the fact that it is an initial basic research,
reported for that reason as a case study (as mentioned
in the introduction). It can be concluded that continued
research would require, in particular, systematic and
multiple analyses of input materials (RCP) as well as out-
put materials (mortars, and these in a longitudinal time
sequence) to understand the material dependencies so
that a clear qualitative parameter could be determined
to predict the effectiveness of RCP in new cementitious
mixtures. The above would also need to be set up for the
possibility of applying reproducibility principles. As yet,
the compressive strength chosen by the authors, based
on an interest in adding to the body of knowledge on
this relatively new subject, as well as on practical expedi-
ency (ease of determination in the field, e.g., by a Schmidt
hardness tester), does not appear to be sufficient for this
purpose. It is preferable if it is supplemented by an addi-
tional parameter, e.g., chemical and mineralogical com-
position, content of hydration phases, rate and type of
degradation, or if it is conditional on the achievement
of certain processing parameters, e.g., granulometry,
together with a determination of which of these param-
eters predominates in its influence on the final properties
of the mixtures.
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