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Abstract: Growing environmental awareness and scarcity of natural resources are forcing the world to
migrate from linear to circular economies. The possibility of partially replacing cement with ceramic-
based waste from construction and demolition waste (C&DW) is a government and industry focus.
The present study analyzes the effects of including finely ground complete walls of ceramic blocks
(including masonry mortars) as supplementary cementing materials (SCM) on the physical, mechani-
cal, and transport properties (water absorption and permeability) of concrete. The replacement ratio
employed was 25% by weight of cement. Studies of the hydration evolution of cement pastes support
the described properties of concretes. The findings reveal that the ground ceramic-based waste from
C&DW stimulates hydration at all ages. Initially, this stimulation is predominantly physical (filler
effect), but in later stages, it becomes chemical (pozzolanic reaction). Based on the results obtained
in this study, it is possible to produce concrete with mechanical properties comparable to those of
conventional concrete at 28 days.

Keywords: C&DW; SCM; concrete

1. Introduction

In recent decades, there has been growth in the construction industry due to the
development of a modern society, which demands new and better infrastructure, housing,
and services [1]. However, although this sector’s contributes to gross domestic product and
employment generation, it also contributes to environmental degradation [2]. According
to a report by the Organization for Economic Cooperation and Development (OECD), the
construction sector is responsible for approximately 30% of raw material consumption,
42% of energy consumption, 12% of land use, 40% of atmospheric emissions, 20% of liquid
effluents, 35% of total solid waste, and 13% of other emissions [3,4].

Construction and demolition waste (C&DW) refers to the solid waste generated from
construction sites and the total or partial demolition of buildings and infrastructures. Con-
struction waste often arises from the excessive ordering of supplies or mishandling of
materials, while demolition involves the removal of outdated and unusable structures to
make way for new structures. Additionally, CD&W can be generated after natural disas-
ters [5]. Unfortunately, C&DW is often disposed through dumping and landfilling, leading
to various social and environmental issues, such as safety hazards and contamination of
soil and water sources [6,7].

The composition of the C&DW can vary depending on the construction system em-
ployed in each country; however, it, generally, it consists of concrete, ceramics, glass,
steel, plastic, and wood; concrete and ceramic wastes (CW) accounts for more than 80% of
this waste [8].

To address these challenges, recycling technologies for C&DW have been developed,
and concrete and CW are increasingly recycled and used to produce recycled aggregate
concrete [9–11]. The properties of concrete with recycled concrete aggregate are similar to
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those with natural aggregate, making them widely applied in construction [8]. However,
the construction utilization of CW aggregate is limited due to its high water absorption;
consequently, an effective way is needed to dispose of such CW waste [12,13]. CW has a
higher embodied carbon (0.213 kg CO2/kg) than natural aggregates (0.0075 kg CO2/kg).
Consequently, CW replacement for natural aggregates has limited environmental benefits
compared to the partial replacement of Portland cement (0.912 kg CO2/kg) [14,15]. There-
fore, one option is to use the CW powder as a supplementary cementitious material (SCM)
to reduce the environmental impact of construction [16].

Table 1 summarizes previous studies [17–25] of the use of ceramic wastes as SCM.
These studies confirmed the pozzolanic activity of CW and identified the effects of using
CW as a replacement for Portland cement on the physical and mechanical properties of
mortar and concrete. O’Farrell et al. [26], Toledo Filho et al. [27], Zito et al. [28], and
Pacheco-Torgal et al. [29] studied the effect of replacing up to 40% of Portland cement with
CW, reporting a notable reduction in compressive strength at early ages, but only a minor
decrease at later age.

Table 1. Previous studies.

Paper Type of Ceramic Waste Used % Replacement Tests Performed Main Findings

[17]
Ceramic block, mud-brick,
and sanitary ware from the

ceramic industry
24

Frattini test, XRD, FTIR, and
non-evaporable water

content. Chloride penetration,
sulfate attack, and ASR.

All CWs show pozzolanic activity at 28 days, reduce the
apparent chloride diffusion coefficient, perform well
against the sulfate attack, and reduce the expansion

caused by ASR.

[18] Bricks powder generated
from the ceramic industry. 5, 10, 15, 20

Physicochemical and
mineralogical properties.
Mechanical strengths and

SEM for mortar.

Waste brick improves the grinding time and decreases the
setting times. A 10% addition of CW increased mortar
mechanical strengths at 90 days. Results confirmed the

pozzolanic activity of CW.

[19] Bricks powder generated
from the ceramic industry. 10, 15, 20, 25, 30, 40

Pozzolanic properties.
Compressive strength

of concrete.

CW shows pozzolanic properties. Compressive strengths
decrease with increasing CW content at early ages.

CW < 20% slightly affects the strength.

[20] Bricks powder generated
from the ceramic industry 10, 20, 30, 40, 50

Compressive strength,
toxicity characteristic of

leaching, pozzolanic activity,
XRD, and FTIR

Heavy metals leaching concentrations of waste brick were
lower than the regulatory limits.

At 28 days, the pozzolanic reaction began, reducing the
amount of CH and increasing the densification. CW

shows pozzolanic activity.

[21] Ground calcined-clay brick. 10, 20, 30, 40

Stress–strain curves, pore size
distribution, total porosity,

sorptivity, and
chloride penetration.

CW refined the pore structure and reduced macropores
and total porosity. Reduction in modulus of elasticity and

uniaxial compressive strength of mortars when the CW
replacement was higher than 10%.

[22]
Glass, bricks, and tiles of red

clay from the ceramic
industry.

10, 20, 25, 30, 40 Mortar workability, mortar
strength, and ASR.

CW replacements slightly decrease the fresh mortar
consistency. From 28 to 90 days, compressive strength
gain was higher for mortar with tile powders. SAI at

28 days > 0.75. Confirmation of the pozzolanic activity of
CW, making their incorporation as cement mortars and

concrete components feasible.

[23] Ground clay roof tiles. 10, 20
Pozzolanic activity (lime

consumption), compressive
strength of mortar, and SEM.

CW has good pozzolanic properties; at an early age, the
pozzolanic activity was higher than fly ash, although it
was lower than silica fume. The morphologies of clay
tile–PC pastes are similar to those of pastes containing

other pozzolanic materials.

[24]
Sanitary ware from the

ceramic industry and recycled
fine aggregate from C&DW.

10, 20 Rheology and
conduction calorimetry.

SW reduced shear yield stress and stunted the hydration
reactions. C&DW had the opposite effect, raising yield

stress and accelerating hydration kinetics. Cement
particle hydration was modified depending on the type of
CW: the reaction is accelerated by the inclusion of C&DW

and stunted by SW.

[25] Tile from the
ceramic industry. 20, 30

SEM-EDX, XRD, and FTIR;
laser granulometry, lime
consumption, Fratini test,

compressive strength, and the
evolution of hydration (XRD

and FTIR).

The compressive strength of blended cements was greater
than 75% OPC at 28 days. CW < 30% does not

significantly affect the compressive strength when the
pozzolanic reaction contributes at later ages.

Masonry construction, which comprises different materials and typologies [30,31], is
widely used in urban centers worldwide. In Spain, Portugal, and Latin America, traditional
building features include reinforced concrete and ceramic walls as envelopes, resulting
in a significant fraction of C&DW corresponding to the demolition of walls. For example,
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in Madrid, Spain, more than half (54%) of C&DW consists of CW [32]. Similarly, in Bahía
Blanca, Argentina, 31% of C&DW is attributed to the demolition of ceramic walls [33]. The
waste from the demolition of ceramic walls comprises a mixture of ceramic and mortar,
with proportions of approximately 56% ceramic and 44% masonry mortar by weight. This
mortar is composed of sand, lime, and cement. Recycling these materials as SCM opens a
promising new opportunity for managing C&DW.

As Table 1 shows, the previous studies used CW from the ceramic industry as SCM.
For this reason, a new line of research is being explored around the use of wastes generated
by demolition of ceramic block walls, since they are one of the primary sources of ceramic
waste [34]. The present study introduces an innovation by analyzing the effects of finely
ground recycled complete walls of ceramic blocks (including masonry mortars) as SCM
on concrete’s physical, mechanical, and transport mechanisms (water absorption and
permeability). The replacement used was 25% by weight of cement. Studies of the evolution
of the hydration of cement pastes support the described properties of the concrete.

2. Results and Discussions
2.1. Pozzolanicity and Hydration

Figure 1 shows the calorimetric curves (solid line) up to 48 h for OPC and 25CBW
pastes. During the first minutes of hydration, the heat release rate was high due to the
dissolution of clinker phases [35]. Next, the rate decreased drastically, leading to the
recorded first minimum. In the case of the OPC sample, the first minimum was observed
and recorded at approximately 125 min with a rate of 0.30 mW/g, while for the 25CBW
sample, it occurred at 145 min, with a rate of 0.42 mW/g. Subsequently, the dormant period
occurs, which is characterized by a low heat release rate in which mainly ionic exchanges
occur [35]. It can be observed that this period was shorter for the 25CBW paste than for the
OPC. This period is associated with the waste providing alkalinity (it contains CH from the
masonry mortars); therefore, the pH necessary to trigger the continuation of the reactions
is reached more quickly [36].

Recycling 2023, 8, x. FOR PEER REVIEW 5 of 16 
 

 
Figure 1. Heat liberation. 

Figure 2 shows the results of the Frattini test at different ages (2, 7, and 28 days) for 
the OPC and 25CBW samples. At 2 and 7 days, sample 25CBW was located above the CH 
solubility isotherm, as well as below and to the left of the OPC sample, with the decrease 
in [CaO] (between 2 and 7 days) being lower for sample 25CBW than for OPC. This posi-
tion shows the dilution effect that the CBW exerts on OPC, which is given by the decrease 
in [OH−] and [CaO] of sample 25CBW concerning OPC. At 28 days, 25CBW paste showed 
a reduction in [CaO], confirming the CBW’s pozzolacinity, and an increase in [OH−] due 
to alkalis released by CBW. These results are in agreement with Asensio et al. 2016 [34]. 
This author indicates that the pozzolanic activity of the ceramic-based C&DW is directly 
related to the content of the ceramic material. In the existing literature [16–25], there is 
proven evidence of the pozzolanic activity of ceramic materials. 

 
Figure 2. Frattini test results at 2, 7, and 28 days. 

0

20

40

60

80

100

120

140

160

0

1

2

0 360 720 1080 1440 1800 2160 2520 2880

To
ta

l h
ea

t, 
J/

g

dQ
/d

t, 
W

/g
.s

Time,min

OCP 25CBW

Total heat

Instant heat

0

2

4

6

8

10

12

14

16

30 50 70 90 110

[C
aO

], 
m

m
ol

/L

[OH−], mmol/L

OPC
25CBW

2  Days

7  Days

28 Days

CH solubility 
isotherm 

2.
6

4.
4

3.
6

Figure 1. Heat liberation.

Next, the acceleration occurred due to the C3S hydration achieving the second max-
imum [16]. The OPC paste reaches the second maximum at 920 min with a rate of
1.11 mW/g, while the 25CBW paste reaches the second maximum at 780 min with a
rate of 1.14 mW/g. In the 25CBW paste, the reactions re-accelerated to reach the third
maximum at 950 min with a rate of 1.16 mW/g. Finally, the hydration reactions decelerated,
consequently decreasing the heat release rates.
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In summary, dilution and stimulation effects were observed in the first hours of paste
hydration due to incorporation of the CBW. The dilution effect was manifested by the
delay in the first minimum in the 25CBW paste (20 min) concerning the OPC paste. The
dilution resulted from incorporating CBW and increasing the effective water-to-cement
ratio (w/c) (from 0.50 in the OPC paste to 0.66 in the 25CBW paste). The stimulation effect
was manifested in the second maximum of the 25CBW paste (~2:20′ before OPC paste) and
the increase in its intensity concerning OPC paste. This effect was also manifested by the
presence of the third maximum of the calorimetric curve of the 25CBW paste, showing
the reactivity of the aluminum phase of the CBW. The stimulation of cement hydration
was produced due to the filler effect, heterogeneous nucleation, and a large amount of free
water being present in the system [37].

Figure 1 shows the total heat released during the first 48 h of hydration. It can
be observed that the total heat released by the 25CBW paste (128 J/g) was higher than
that of the OPC paste (118 J/g), evidencing the stimulation effect of the OPC due to the
incorporation of CBW, despite the dilution.

Figure 2 shows the results of the Frattini test at different ages (2, 7, and 28 days) for
the OPC and 25CBW samples. At 2 and 7 days, sample 25CBW was located above the CH
solubility isotherm, as well as below and to the left of the OPC sample, with the decrease in
[CaO] (between 2 and 7 days) being lower for sample 25CBW than for OPC. This position
shows the dilution effect that the CBW exerts on OPC, which is given by the decrease in
[OH−] and [CaO] of sample 25CBW concerning OPC. At 28 days, 25CBW paste showed a
reduction in [CaO], confirming the CBW’s pozzolacinity, and an increase in [OH−] due to
alkalis released by CBW. These results are in agreement with Asensio et al. 2016 [34]. This
author indicates that the pozzolanic activity of the ceramic-based C&DW is directly related
to the content of the ceramic material. In the existing literature [16–25], there is proven
evidence of the pozzolanic activity of ceramic materials.

Recycling 2023, 8, x. FOR PEER REVIEW 5 of 16 
 

 
Figure 1. Heat liberation. 

Figure 2 shows the results of the Frattini test at different ages (2, 7, and 28 days) for 
the OPC and 25CBW samples. At 2 and 7 days, sample 25CBW was located above the CH 
solubility isotherm, as well as below and to the left of the OPC sample, with the decrease 
in [CaO] (between 2 and 7 days) being lower for sample 25CBW than for OPC. This posi-
tion shows the dilution effect that the CBW exerts on OPC, which is given by the decrease 
in [OH−] and [CaO] of sample 25CBW concerning OPC. At 28 days, 25CBW paste showed 
a reduction in [CaO], confirming the CBW’s pozzolacinity, and an increase in [OH−] due 
to alkalis released by CBW. These results are in agreement with Asensio et al. 2016 [34]. 
This author indicates that the pozzolanic activity of the ceramic-based C&DW is directly 
related to the content of the ceramic material. In the existing literature [16–25], there is 
proven evidence of the pozzolanic activity of ceramic materials. 

 
Figure 2. Frattini test results at 2, 7, and 28 days. 

0

20

40

60

80

100

120

140

160

0

1

2

0 360 720 1080 1440 1800 2160 2520 2880

To
ta

l h
ea

t, 
J/

g

dQ
/d

t, 
W

/g
.s

Time,min

OCP 25CBW

Total heat

Instant heat

0

2

4

6

8

10

12

14

16

30 50 70 90 110

[C
aO

], 
m

m
ol

/L

[OH−], mmol/L

OPC
25CBW

2  Days

7  Days

28 Days

CH solubility 
isotherm 

2.
6

4.
4

3.
6

Figure 2. Frattini test results at 2, 7, and 28 days.

Figures 3 and 4 show the diffractograms and spectrograms of the OPC and 25CBW
pastes at 2, 7, and 28 days of hydration. The OPC diffractograms (Figure 3a) show hy-
dration progress, as the anhydrous cement compounds (C3S, C2S) decreased with age,
while the hydrated phases evolved. At 2 days, ettringite (Ett) and CH were observed
as the main hydration products. The latter product was also detected in spectrograms
(Figure 4a), where hydrated calcium silicate (C-S-H) was identified with a very intense band
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in
970 cm−1 (Si3SiO4) [38]. CH was identified by the band at 3640 cm−1 [20], and Ett was
identified by the band at 1120 cm−1 [39]. From days 7 to 28, the progress of the hydration
of the silicates can be seen via two techniques: XRD, i.e., the intensity of the CH peaks, and
FTIR, i.e., the sharpening of the 3640 cm−1 band of CH and 970 cm−1 band of C-S-H. The
assigned bands to OH (3400 cm−1 and 1650 cm−1) indicate the hydration progress [40].
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On the other hand, in the 25CBW paste (Figure 3b), the same compounds were detected
via XRD as being in the OPC paste, in addition to the quartz (Q) coming from the CBW,
and their evolution was similar, except for the intensity of the peaks assigned to CH, which
decreased. Through FTIR (Figure 4b), the results found via XRD were confirmed, and it
was also possible to observe the sharpening of the band at 970 cm−1 of the C-S-H. In line
with the Frattini test results, we corroborated CH consumption by the pozzolanic reactions
to provide more hydration products.

The amounts of non-evaporable water (Wn) at different ages (2, 7, and 28 days) for
OPC and 25CBW pastes are reported in Table 2. As expected, the Wn content increases
with increasing age for all pastes. The OPC paste exhibits a rapid growth in Wn content
between 2 and 7 days, while the growth rate slows down at 28 days. At both 2 and 7 days,
the Wn content of the 25CBW paste is higher than that of OPC, corresponding to the
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proportion of OPC present in the 25CBW paste. However, at 28 days, the Wn content of the
25CBW paste reaches a level similar to that of OPC. These findings indicate that the CBW
contributes to the Wn content at later ages, highlighting its pozzolanic activity. Moreover,
these results align closely with the findings reported by Reig et al. [41], who observed
significant strength gain as being provided by ceramic waste after 28 days of curing.

Table 2. Non-evaporable water (Wn).

Wn, g/g

Pastes 2 Days 7 Days 28 Days

OPC 0.132 0.178 0.199
25CBW 0.115 0.153 0.198

The mechanical compressive strength of the OPC mortar at 28 days was 39.48 MPa
(B), while the 25CBW mortar’s compressive strength was 33.17 MPa (A). Therefore, an SAI
(A/B × 100) greater than 84% was obtained, indicating that CBW is an active pozzolan.
The present data were also comparable to values reported by Zito et al. (2021) [17]. They
observed pozzolanic activity, with SAI values ranging between 89.63 and 94.5% in mortars
prepared with CW and cured for 28 days.

2.2. Fresh Properties, Mechanical Properties and Transport Mechanisms of Concrete

Figure 5 illustrates the bleeding curves of the concretes, which are represented by
continuous lines. Incorporating CBW into the concrete reduces bleeding compared to
ordinary Portland cement (OPC) concrete. Specifically, the bleeding rate of the 25% CBW
concrete was approximately 47% lower than that of the OPC concrete, and the bleeding
capacity was 68% lower. This reduction in the bleeding rate and capacity can be attributed
to capillary pores being blocked by the CBW particles, which hindered water movement
through the concrete. Additionally, the large specific external surface area (SEB) of CBW (as
shown in Table 4) contributed to the decrease in free water content in the concrete, thereby
reducing the bleeding capacity [42].
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Figure 5. Bleeding and setting time of concretes.

Regarding the setting time of the concrete, as depicted by the dotted line in Figure 5,
the OPC concrete exhibited an initial setting time of 395 min, while the 25% CBW concrete
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had a longer initial setting time of 480 min. The final setting time for OPC was 770 min,
whereas for the 25% CBW concrete, it was 845 min. The addition of CBW delayed both the
beginning and the end of the setting time; however, the total setting time remained within
the range of 365–375 min.

Figure 6 shows the evolution of the compressive and splitting tensile strengths for
all concretes. The concrete strength increases over time, and the 25CBW concrete strength
consistently falls below that of the OPC concrete at all ages. The relative compressive
strength, which is represented by the dashed line, remains below 0.75 at 2 days, but
surpasses 0.75 after 7 days. By 28 and 90 days, the 25% CBW concrete achieves a relative
strength of 0.95. Conversely, the relative splitting tensile strength is below 0.75 at 2 days
and remains comparable to the OPC concrete at 7 days. At 28 and 90 days, the 25% CBW
concrete reaches a relative strength of 0.85.
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Table 3 reports the elastic modulus of concretes that increased with age. For 25CBW
concrete, the elastic modulus was lower than OPC concrete for up to 28 days. The relative
elastic modulus was superior to 0.84 and 1.00 at 90 days.

Table 3. Concrete parameters.

Property Concrete
OPC 25CBW

Elastic modulus, GPa
2 days 25.8 21.8
7 days 31.0 26.6

28 days 33.0 29.6
90 days 40.7 40.8

Initial rate of water absorption, S1 g/m2·s1/2 2 days 45.0 24.8
7 days 12.3 8.5

28 days 8.5 6.7

Sorptivity capacity, g/m2 2 days 5583 5273
7 days 4288 4218

28 days 4036 3518

Water penetration, mm
Average 19.5 20.6

Maximum 26.0 31.7
Minimum 12.0 9.0

In summary, the low strength values of 25CBW concrete (i.e., relative strength lower
than 0.75) at 2 days were due to the dilution effect caused by the addition of CBW. The
reduced clinker content increases the effective w/c ratio (from 0.5 for OPC concrete to 0.66
for 25CBW concrete), which could not be compensated by the higher hydration degree
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of clinker phases [43]. At 7 days, the incipient pozzolanic reaction of CBW partially
compensates for the dilution effect, reaching a relative strength greater than 0.75. Finally
(at 28 and 90 days), the pozzolanic reaction generated secondary C-S-H that favored
compressive strength development, reaching a relative compressive strength of >0.95.
These effects were also reflected in the modulus of elasticity, which, at 90 days, was slightly
higher than in OPC concrete.

Table 3 reports the initial rate of water absorption (S1) and the sorptivity capacity (C)
for both concretes measured after 2, 7, and 28 days of curing. S1 and C decreased for both
concretes studied with increasing age. At 28 days, the sorptivity capacity (C) of the 25CBW
concrete was 12% lower than that of the OPC concrete. It is worth mentioning that the
secondary rate of water absorption (S2) calculated from 1 to 7 days was not reported due to
the obtained linear regression having an R-squared value (R2) of less than 0.98.

The improvement in capillary suction of concrete with CBW can be attributed to the
physical and chemical processes that densify the concrete microstructure. Firstly, replacing
clinker with CBW fills the voids, resulting in a denser and less interconnected pore structure.
Secondly, the pozzolanic reaction and the continuous formation of secondary hydration
contribute to an even denser microstructure [44].

Table 3 shows the water penetration depth in concrete at 28 days. The average water
penetration of 25CBW concrete was only 5.6% higher than that of OPC concrete. These
findings align with the sorptivity results, indicating that the presence of CBW has a limited
impact on water penetration in concrete.

3. Materials and Methods

For this research, the material was obtained from demolition of a 30-year-old ceramic
block wall (CBW), including masonry mortars. The Ordinary Portland Cement (OPC)
chosen for comparison was equivalent to Type I cement, as per ASTM C150 [45].

The CBW samples were sourced from the demolition of a building in Olavarría, Buenos
Aires, Argentina. Initially, the CBW was crushed until it could pass through a 4.75 mm
sieve (#4). Subsequently, the crushed CBW was further ground in a ball mill until all
particles could pass through a 75 µm sieve (#200). Finally, the particle size distribution was
determined via laser granulometry (Malvern Masterziser, 2000). The original C&DW and
the CBW after grinding are shown in Figure 7.

Recycling 2023, 8, x. FOR PEER REVIEW 10 of 16 
 

 
Figure 7. CBW grinding process. 

Table 4 reported the physical properties and chemical composition of the OPC and 
CBW. For CBW, the sum of silica, alumina, and iron content exceeded the limit (70%) 
specified by the ASTM C618 standard [46]. Additionally, the CBW exhibited a higher loss 
of ignition than OPC, which was attributed to the decomposition of carbonates and hy-
drated phases in the masonry mortars. The density of the CBW was lower than that of 
OPC, but the specific surface area Blaine (SEB) was higher. 

Table 4. The chemical composition and physical properties of the OPC and CBW. 

Materials OPC CBW 
Chemical composition, % by mass 
SiO2 20.50 62.36 
Al2O3 4.10 12.03 
Fe2O3 4.70 4.19 
CaO 63.60 8.36 
MgO 0.70 0.93 
SO3 2.50 0.15 
K2O 1.20 3.34 
Na2O <0.03 1.44 
TiO2 - 0.56 
Loss on ignition 2.40 6.01 
SiO2 + Al2O3+ Fe2O3 74.39 
Equivalent alkalis (Na2O + 0,658 K2O), % 3.63 
Physical properties 
Density, g/cm3 3.12 2.58 
SEB, m2/kg 370 660 
Particle size distribution μm 
D10 3.30 1.11 
D50 20.51 6.58 
D90 86.36 44.23 

Figure 8 shows the particle size distribution of OPC and CBW. The particle size dis-
tribution of the CBW shows two maximums (around 3.8 and 38 μm) due to the mineral 
mixture present in the masonry mortars (siliceous and calcareous nature). The particle 
size distribution of OPC presents a prominent peak at 30.6 μm. These results agree with 
the parameters D10, D50, and D90, as shown in Table 4. 

Figure 7. CBW grinding process.

Table 4 reported the physical properties and chemical composition of the OPC and
CBW. For CBW, the sum of silica, alumina, and iron content exceeded the limit (70%)
specified by the ASTM C618 standard [46]. Additionally, the CBW exhibited a higher loss of
ignition than OPC, which was attributed to the decomposition of carbonates and hydrated
phases in the masonry mortars. The density of the CBW was lower than that of OPC, but
the specific surface area Blaine (SEB) was higher.
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Table 4. The chemical composition and physical properties of the OPC and CBW.

Materials OPC CBW

Chemical composition, % by mass
SiO2 20.50 62.36
Al2O3 4.10 12.03
Fe2O3 4.70 4.19
CaO 63.60 8.36
MgO 0.70 0.93
SO3 2.50 0.15
K2O 1.20 3.34
Na2O <0.03 1.44
TiO2 - 0.56
Loss on ignition 2.40 6.01
SiO2 + Al2O3+ Fe2O3 74.39
Equivalent alkalis (Na2O + 0.658 K2O), % 3.63
Physical properties
Density, g/cm3 3.12 2.58
SEB, m2/kg 370 660
Particle size distribution µm
D10 3.30 1.11
D50 20.51 6.58
D90 86.36 44.23

Figure 8 shows the particle size distribution of OPC and CBW. The particle size
distribution of the CBW shows two maximums (around 3.8 and 38 µm) due to the mineral
mixture present in the masonry mortars (siliceous and calcareous nature). The particle size
distribution of OPC presents a prominent peak at 30.6 µm. These results agree with the
parameters D10, D50, and D90, as shown in Table 4.
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Figure 8. Particle size distribution curve of OPC and CBW.

The mineralogical composition of the Portland clinker, as provided by the manufac-
turer, was described as follows (% by mass): 63.60 C3S, 15.10 C2S, 2.80 C3A, and 14.30 C4AF.
Additionally, OPC contained gypsum and limestone as minor components. The mineralogi-
cal composition of CBW was obtained via X-ray diffraction (XRD, (Figure 9a) using a Philips
PW3710 diffractometer operating with Cu–Kα radiation at 40 kV and 20 mA. The min-
eralogical composition of CBW included quartz (SiO2), anorthite (CaAl2Si2O8), hematite
(Fe2O3), calcite (CaCO3), and a small diffuse dome in the 18 to 30◦ 2θ range, indicating the
presence of amorphous phases [47,48]. The FTIR spectra (Figure 9b) were performed on
Nicolet Magna 500 using the KBr technique, confirming the phases determined using XRD.
Quartz was identified by bands around 796 and 776 cm−1, which was characteristic of the
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symmetric stretching of the Si-O bond [49]. Anorthite was identified through the band at
543 cm−1, which was characteristic of the vibration of the AlO6 group [50,51]. The band at
1434 cm−1 corresponded to calcite, which was associated with the asymmetric vibration
of the O-C-O bond. The band at 1075 cm−1 was related to asymmetric Si-O-Si or Si-O-Al
stretching of amorphous aluminosilicates [52,53]. The band at 460 cm−1 corresponded to
the bending of the Si-O-Si bond of quartz and the amorphous aluminosilicate phase [48].
Iron minerals, which were detected via XRD, were challenging to identify based on their
FTIR spectra due to overlapping silicates [25].
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Figure 9. (a) XRD pattern of CBW. Q: quartz;A: anorthite; H: hematite; C: calcite. (b) FTIR spectrum
for CBW.

The tests were carried out on two samples OPC (100% OCP) and 25CBW (75% OCP + 25% CBW,
by weight). The replacement percentage used was based on the recommendation of EN
450-1:2013 for use of fly ash as a replacement of Portland cement in concrete [54]. The
experimental program was divided into two parts. In the first part, the pozzolanic activity
of the CBW was checked, and the hydration of the OPC and the 25CBW pastes were
monitored. The behavior of fresh and hardened concrete (mechanical strength and transport
mechanisms) was studied in the second part.

3.1. Pozzolanicity and Hydration

The heat release rate in paste with a water cementitious material ratio (w/cm) of 0.5
was measured using an isothermal conduction calorimeter operating at 20 ◦C during an
early-age period (<48 h). The total heat released was also calculated by integrating the area
under the heat-released rate curve over time.

At 2, 7, and 28 days, the Frattini test determined the pozzolanic activity (EN196-5, [55]).
Positive pozzolanic activity was indicated when the test points fall below the solubility
isotherm of calcium hydroxide (CH) at 40 ◦C.

XRD and FTIR were employed to identify the hydration phases in blended cement
pastes (w/cm = 0.50) at 2, 7 and 28 days. The equipment and analysis parameters mentioned
previously were used for these analyses. The chemically combined water (Wn), which
indicates the amount of hydrated cement, was determined by following the procedure
proposed by Powers [56]. Wn was obtained in pastes (w/cm = 0.5) by measuring the mass
loss between 100 and 950 ◦C.

Finally, the strength activity index (SAI = A/B × 100) was calculated as the ratio of
the compressive strength of 25CBW mortar (A) to the strength of the OPC mortar (B) at
28 days. The pozzolan is active when SAI is greater than 75% at 28 days (ASTM C 618 [46]
and EN 450-1 [54]). For this purpose, RILEM mortar prisms (40 × 40 × 160 mm3) were
prepared using standard sand (1:3) and w/cm = 0.50.
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3.2. Fresh Properties, Mechanical Properties, and Transport Mechanisms of Concretes

The concretes were prepared with a cementitious material content of 350 kg/m3 and
a water-to-cementitious material ratio (w/cm) of 0.50. The coarse aggregate used was
crushed granite sourced from Olavarría, Buenos Aires. It had a density of 2.70 kg/dm3, a
maximum nominal size of 16 mm, and bulk densities in loose and compacted conditions of
1430 kg/m3 and 1560 kg/m3, respectively. The coarse aggregate content was 1050 kg/m3

for both concretes, maintaining an acceptable aggregate/total aggregate ratio of 0.43. Fine
aggregate was obtained from the Paraná River in Argentina with a 2.67 kg/dm3 density
and a fineness modulus of 2.35. To compensate for the density differences between OPC
and 25CBW, the fine aggregate content was adjusted to 807 kg/m3 for OPC concrete and
806.5 kg/m3 for 25CBW concrete.

A polycarboxylate-based superplasticizer (SP) (BASF, Trostberg, Germany) was used
to guarantee the proper workability of the fresh concrete. The dosage was adjusted to
obtain concretes within consistency S2 according to DIN-EN 206 [57]. For OPC concrete,
the SP dosage used was 0.24%, which was measured by the weight of the cementitious
material; for 25CBW, it was almost unnecessary to increase the dosage (0.25%). In fresh
concrete, the setting time was determined according to the ASTM 403 [58] standard, and the
bleeding capacity and bleeding rate were calculated according to the ASTM C232, Method
A [59] standard. The mechanical properties determined were as follows: compressive
strength (ASTM C39, [60]), splitting tensile strength (ASTM C496, [61]), and static modulus
of elasticity (ASTM C469, [62]) on cylinders at 2, 7, 28, and 90 days. Six samples were used
for each of the determinations. The relative strength was calculated as the ratio of the
strength of OPC to 25CBW at the same age.

The water transport properties of the concrete were investigated through capillary
absorption (sorptivity) using the ASTM C 1585 standard [63]) and water penetration under
pressure using the DIN EN 12390-8 standard [64]. Water sorptivity was determined by
testing cylinders with diameters of 100 mm and heights of 50 mm, which were cured for 2,
7, and 28 days. Water penetration under pressure was measured via 150 mm cubes cured
for 28 days using three specimens.

4. Conclusions

Considering the test results obtained in this study and the aim of recycling ceramic
waste from construction and demolition waste (complete walls of ceramic blocks including
masonry mortars), the following conclusions can be drawn.

The CBW stimulated the hydration of the cement paste physically (filler effect) at early
ages and chemically (pozzolanic reaction) at later ages. The hydration products revealed
that the hydration mechanisms of the cement with the CBW were similar to those of the
pure cement.

The concrete with CBW presented similar behavior in terms of uniformity, finish,
slump, and having lower bleeding rate. Mechanical properties at early ages showed that
physical stimulation did not compensate for the dilution effect caused by CBW. Nonetheless,
at late ages, the pozzolanic activity contributed to the complete compensation of the dilution
effect. On the other hand, the sorptivity capacity and initial rate of water absorption in the
concrete with CBW were lower than in the reference concrete, reflecting the microstructural
densification via the physical–chemical actions produced by the CBW, thus resulting in an
equivalent permeability.

Recycling base ceramics wastes as SCM contributes to the transition towards a circular
economy model by reducing C&DW.

5. Limitations and Recommendations for Further Studies

This study was limited to testing only one source of ceramic block wall. Variations
in the types of ceramic and mortar in the demolished wall and their proportions may
affect the test results. In addition, the Portland cement replacement of 25% by weight was
recommended for EN 450 and fly ash. This percentage is not necessarily the optimum
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replacement percentage for CBW. Future studies are needed to test different sources of
CBW and different percentages of Portland cement replacement to verify the results of the
current study.
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