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Abstract

The amount of concrete utilized worldwide has lately grown due to rising populations and urbanization. The gas emissions
during cement manufacturing and the usage of common resources result in a significant environmental threat. As a result,
researchers are attempting to minimize the amount of cement consumed by using waste materials while lowering building
costs. This research aims to minimize the amount of cement used in concrete by partially replacing it with ceramic powder
waste while also increasing the mechanical qualities of concrete mortar by substituting cement with nanoclay hydrophilic
bentonite. Mortar samples were prepared using five different replacement percentages of cement by nanoclay, including
0, 2, 4, 6, and 8%, and two replacement percentages of cement by ceramic powder, including 0% and 20%. Compressive
and flexural strength tests were performed on mortar samples for 7, 14, and 28 days of moist curing. The toughness was
also measured for all mixes by measuring the area under the load-deflection curve. Also, water absorption and relative
densities for all mortar mixes were measured. The results show that replacing cement with 2% nanoclay and 20% ceramic
powder increases the flexural strength by 11%.
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1. Introduction

The massive quantities of Portland cement production for construction result in a serious environmental pollution
concern. As a result, one of the most pressing concerns is reducing cement usage by utilizing waste materials in concrete
and maintaining concrete strength and durability. Using waste materials to substitute cement has a beneficial
environmental impact since it reduces air pollution caused by cement manufacturing. In addition, it allows the waste to
be used in concrete to overcome disposal issues. Sustainable concrete can be achieved by partially or completely
replacing cement or aggregate content with waste materials generated by other industries [1]. So, using ceramic wastes
in concrete has many positive environmental impacts by reducing cement consumption and landfill demand. This also
decreases the price of concrete [2]. Some previous studies considered ceramic wastes to be pozzolanic materials [3-5].
On the other hand, a slight reduction in the mechanical performance of concrete is expected by using ceramic powder
in concrete to partially replace cement content, especially with higher replacement percentages.

Consequently, to compensate for this reduction, some other materials can be mixed with concrete to improve the
concrete's mechanical properties and maintain the eco-friendly aspect. Using nano-silica with ceramic powder improves
the concrete's compressive strength and reduces its absorption capacity [6]. A small percentage of different types of
nanomaterials can be used in ceramic concrete to improve or regain its mechanical properties and durability. This is
attributed to nanomaterial reactivity since they have very small particle sizes, resulting in a huge surface area for the
chemical reaction in the concrete matrix [7, 8].
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The nanomaterials such as nano-silica and nanoclay react with calcium hydroxide in the interfacial transition zone,
increasing the C-S-H gel and improving the concrete's mechanical properties and durability [9]. Incorporating
nanomaterials into concrete reduces cement usage, leading to decreased air pollution and increased concrete durability
[10]. Recently, researchers' interest has been directed toward using nanoclay in concrete since it is available everywhere
at a low cost and is an eco-friendly material. Hamed et al. (2019) [11] investigated the effects of using nanoclay as a
partial replacement for cement by 5%, 7.5%, and 10%. It was added in two ways. The first was a normal addition to the
concrete mix, and the other was a dispersion in water using a bath sonicator. The tests conducted were compressive
strength, split tensile strength, flexural strength, slipping bond strength, and split bond strength. The results show that
the optimum percentage of nanoclay in concrete for both mixing methods is 7.5%.

Hosseini et al. (2015) [12] studied the influence of nano-montmorillonite on the mechanical properties and durability
of self-compacting concrete using small replacement percentages of 0.25%, 0.5%, 0.7%, and 1%. This study showed
that using 0.5% nano-montmorillonite is the best for compressive strength, and using 0.75% nano-montmorillonite gives
the highest tensile splitting test results. Previous studies investigating the effect of using nanoclay on concrete declared
that there was an obvious enhancement in the properties of concrete [13, 14]. Some of these studies stated that the
optimum percentage of nanoclay to replace cement is 1%, while others figured out that 6% is the optimum percentage
[15]. Alani et al. (2021) [16] partially replaced cement with different percentages of nanoclay, including 2, 4, and 6%,
and burnt limestone powder to produce self-compacting concrete. The findings indicated that nanoclay 6% was the
optimum percentage, working perfectly as a filler and activator by reducing Ca (OH), and increasing the formation of
CSH gel. Mehrabi et al. (2021) [17] used recycled concrete aggregate instead of natural coarse aggregate and nanoclay
to partially replace Portland cement. This study concluded that using 1-3% nanoclay considerably enhances concrete
compressive strength.

There are insufficient studies investigating the usage of large amounts of ceramic powder wastes as partial replacing
cement content in the concrete mix by adding other materials like nanomaterials to compensate for the expected decrease
in concrete or mortar mechanical properties due to cement reduction. So this study aims to produce eco-friendly concrete
with high mechanical properties by replacing some percentages of cement with ceramic powder and nanoclay.

2. Materials and Mix Proportion

Figure 1 shows the flowchart of the research methodology.
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Figure 1. Research methodology flowchart
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2.1. Ceramic Powder

Ceramic waste is generated in large quantities around the world. The ceramic wastes were collected from
construction sites near Karbala city for this study. These wastes were ground by the Los Angeles Abrasion machine and
then sieved. Only the ceramic powder passing through sieve number 200 was used in this study. According to several
previous studies [18-20] on the optimum percentage of ceramic powder to replace cement content, it can be figured out
that 20% is the optimum replacement percentage. While other studies stated that up to 40% of cement replacement by
ceramic waste results in the highest mechanical characteristics and durability among the different percentages [21]. The
chemical composition of ceramic powder is compared with that of ordinary Portland cement, as shown in Table 1.

Table 1. Chemical composition of ceramic powder compared with Portland cement

Chemical component (Oxide) Ceramic powder Ordinary Portland cement
Si 73.2 16.3
Fe 3.83 3.52
Al 18.2 4.25
Ca 13 68.2
K 2.66 0.22
Ti 0.43 0.47

2.2. Nanoclay

The used nano clay in this study is montmorillonite hydrophilic bentonite, the most common nanomaterial utilized
by several industries. Its microstructure consists of layers of 1 nm silica tetrahededron connected with alumina
octahedron coordinated by hydroxyl groups [22, 23]. The X-Ray analysis and the chemical composition of the nanoclay
material are illustrated in Table 2.

Table 2. Nanoclay physical and chemical properties

Physical properties

Appearance Powder
Ph 25-35
Bulk density 300 - 370 kg/m3

Chemical composition

0 52.6%
Si 18.5%
Fe 10.0%
Al 9.4%
Mg 2.3%
Na 2.0%
Ca 1.9%
K 1L.7%
Ti 1.6%

2.3. Superplasticizer

The water-reducing admixture used in this study was Conplast SP432MS to keep the water-cement ratio and the
flow constant, increasing the nanoclay replacement percentage.

2.4. Fine Aggregate

The sand used for all mortar mixes has a grading, as illustrated in Figure 2. So the used sand is in zone 2, according
to Iraqi specifications No. 45.
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Figure 2. Fine aggregate grading with upper and lower limits

2.5. Mix Proportions

The experimental program of this study included measuring the compressive strength of concrete mortar cubes, the
flexural strength, Load-deflection curve (toughness), absorption, and relative density. These tests were conducted after
7, 14, and 28 days of moist curing. So nine cubes with dimensions of 5x5 x5 cm?® of each concrete mortar mix for
compressive strength and six prisms with dimensions of 4x4 x16 cm?® for each mix were used to test the flexural strength
and toughness as shown in Figure 3. After testing, the broken prisms were weighted under three conditions to calculate
the absorption and relative density, including SSD, water, and oven-dry. In addition, the flow of the fresh mortar mix
was measured using the flow table, as shown in Table 3.

e -
.

Figure 3. Mortar cubes and prisms molds

Table 3. Design of concrete mortar mix

Mix Cement (g) Sand (g) Water (g) Ceramic (g) Nano Clay (g) SP  Flow table (cm)
ONOC 1776 4884 861.36 0 0 0 19
2NOC 1740.5 4884 861.36 0 35.52 5 235
4NOC 1705 4884 861.36 0 71.04 5 20
6NOC 1669.5 4884 861.36 0 106.6 7 19
8NOC 1633.9 4884 861.36 0 1421 10 18.5
ON20C 1420.8 4884 861.36 355.2 0 5 23
2N20C 1392.4 4884 861.36 348.1 35.52 5 215
4N20C 1364 4884 861.36 341 71.04 5 19
6N20C 1335.6 4884 861.36 333.9 106.6 7 18.5
8N20C 1307.2 4884 861.36 326.8 1421 10 17.5
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3. Results and Discussion
3.1. Compressive Strength

The compressive strength for each mix and three curing times was measured using the compression testing machine
for three cube samples as shown in Figure 4. The average is calculated as shown in Figure 5.

Figure 4. Compressive strength machine
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Figure 5. Compressive strength for all mortar mixes for three curing times

It can be figured out that using the nanoclay alone as replacement of the cement content after seven days of moist
curing increased the compressive strength of all mixes (Figure 5). Also, the maximum increment was 45% for an 8%
replacement compared to the control sample. While compressive strengths are reduced when using ceramic powder with
nanoclay after seven days of moist curing. The maximum reduction was 26.5% for the 8% replacement with ceramic
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powder, which can be acceptable compared to the control sample. For 14 days of moist curing, the compressive strength
decreases with the enhancement of nanoclay percentage until 4% for with and without ceramic. On the other hand, the
higher replacement percentages under 14 days of moist curing increase the compressive strength to 5.3 % for 8%
nanoclay only. They are slightly reduced to 3.4% using 8% nanoclay with ceramic powder compared to the reference
sample. The trend of the compressive strength after 28 days of moist curing for using replacement of cement by the
nanoclay alone decreases slightly by 2%. Also, more reduction can be noticed in 4% and 6% replacements while
replacement increases by 8%. However, it is less than the reference sample by 20 %. Using nanoclay with ceramic after
28 days of curing results in a high reduction of 2%. Then, the compressive strength increases gradually to 16.66 MPa,
which is lower than the control sample by 22.6%. From the result of Figure 5, it can be concluded that according to
compressive strength, 2% replacement of cement by nanoclay alone is the best percentage among the other mortar mixes.
Economically, the compressive strength mortar mixed with 8% with or without ceramic is acceptable, and the reductions
were minimal compared to replacement-free mortar.

Compared to the previous studies, the compressive strength after seven days of moist curing is reduced from 25.15
MPa to 20.1 MPa when replacing 20% of cement with waste ceramic powder [6]. Using nano-silica with ceramic powder
to replace cement content brings back the compressive strength similar to the control sample. While in this study,
nanoclay results in higher compressive strength when used with ceramic in the concrete mixture.

3.2. Flexural Strength

Obviously, for seven days of curing, there is a slight gradual reduction in the flexural strength of concrete mortar
with increasing the nanoclay replacement percentage (Figure 6). The flexural strength of mortar after seven days of
curing with 8% nanoclay and without ceramic powder is equal to 3.15 MPa, which is less than the reference sample by
16%. Also, the flexural strength after seven days of curing of mortar with 8% nanoclay and 20% ceramic powder is
equal to 2.64 MPa, which is less compared to the reference mortar sample of 20% ceramic by 13%.
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Figure 6. Flexural strength for all mortar mixes for three curing times

After 14 days of moist curing, the flexural strength results show that increasing the percentage of nanoclay without
ceramic powder maintains almost the same flexural strength with a very little reduction, i.e., 5% only for 8% nanoclay
mortar. The flexural strength of mortar samples containing 20% ceramic powder decreases as the percentage of nanoclay
replacement increases. The flexural strength of the 8% nanoclay with 20% ceramic powder was 3.15, which was lower
by 19% than the flexural strength of the reference sample with 20% ceramic powder.

The results of the flexural strength after 28 days (8%), as illustrated in Figure 6, were very good compared to the
reference samples without nanoclay. The flexural strength was 4.33 MPa with an increment of 8% compared to the
reference mortar sample. Besides that, the flexural strength of mortar with 2% nanoclay and 20% ceramic powder was
equal to 4.44 MPa, which was the maximum among all other mortar samples.

The flexural strength results in Figure 6 show that using nanoclay without ceramic powder enhances the flexural
strength after 28 days of curing. On the other hand, for ceramic mortar, the best percentage of nanoclay was 2%.
Increasing the percentage of nanoclay decreases flexural strength. Compared to the reference mortar sample, the 2%
nanoclay with 20% ceramic increases flexural strength by 11%.
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3.3. Toughness (Load-Deflection Curve)

The deflection was measured during the flexural strength test by a dial gauge attached to the mortar prism samples.
The reading of the dial gauge and the load were video-captured and then analyzed to draw the load-deflection curve.
After that, the area under this curve was calculated to indicate the toughness according to ASTM C-1018. Figure 7 shows
that the toughness of the mortar mix of 6% nanoclay has the highest level among the other mortar samples without
ceramic powder after seven days of moist curing.
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Figure 7. Load-deflection curve for mortar mixes without ceramic after seven days of curing

Figure 8 indicates that mortar samples with 4% nanoclay have the maximum toughness compared to mortar samples
without ceramic powder.
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Figure 8. Load-deflection curve for mortar mixes without ceramic after 14 days of curing

Figure 9 demonstrates that mortar samples with 4 % nanoclay have the highest area under the load-deflection curve
for samples without ceramic powder after 28 days of moist curing.
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Figure 9. Load- deflection curve for mortar mixes without ceramic after 28 days of curing

Figure 10 shows the toughness of mortar samples with ceramic powder replacing 20% of the weight of cement with
different percentages of nano clay after seven days of curing. The results show that 2% nano clay has the highest

toughness.
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Figure 10. Load-deflection curve for mortar mixes with 20% ceramic after seven days of curing

While after 14 days, as shown in Figure 11, the toughness of the mortar samples with 8% nanoclay and 20% ceramic

powder was significantly higher than the other mortar mixes.

From Figure 12, using nanoclay 2% in a mortar with ceramic powder increases the toughness after 28 days of moist
curing. But the toughness was reduced for the other percentages of nanoclay with ceramic powder compared to the

reference sample toughness.
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Figure 11. Load-deflection curve for mortar mixes with 20% ceramic after 14 days of curing
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Figure 12. Load-deflection curve for mortar mixes with 20% ceramic after 28 days of curing

3.4. Absorption

The absorption of hardened concrete mortar samples after conducting the flexural test was measured for each mix
with the three curing times, as shown in Figure 13. The absorption was calculated according to ASTM C127.

From Figure 13, it can be concluded that the absorption of 7-day curing samples without ceramic powder decreases
from 13.3% in the reference mix to 12.2% for the 4% nanoclay and then increases to 13.7% for the 8% nanoclay. While
after 14 days and 28 days, the absorption was approximately similar to the reference samples. For mortar-containing
ceramic powder, the absorption increases as the nanoclay percentage enhances. So, after 28 days of curing, the 8%
nanoclay absorption was greater by 3.6% than the control sample.
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Figure 13. Absorption for hardened mortar samples of all mixes

3.5. Relative Density

The relative densities of all prism mortar samples were measured according to ASTM C127 by measuring the weight
of the fractured prisms from the flexural test in water, SSD, and oven-dry for all concrete mortar mixes with the three
different curing times.

Figure 14 illustrates the relative density of all hardened concrete mortar mixes for the three curing times. Using 2%
nanoclay without ceramic powder appears to have the highest relative density for 7, 14, and 28 days of curing. After 28
days of curing, the enhancement of relative density was 3.3% more than in the control sample. On the other hand, the
relative density decreases for mortar samples of 20% ceramic powder as the nanoclay percentage increases. Except for
2% and 6%, the relative density was the same as the reference mortar sample.
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Figure 14. Relative density for hardened mortar samples of all mixes
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4. Conclusions
From this study, it can be concluded that

e Increasing the percentage of nanoclay in the mortar mix decreases the workability of concrete, leading to an
increased number of used superplasticizers to achieve the same flow.

¢ According to the compressive strength, the best concrete mortar mix resulted from using 0% nanoclay with 20%
ceramic powder. This is because the inactivated nanoclay with ceramic powder increases the proportion of materials
finer than 200 microns. This can lead to a decrease in the cohesion of the binder in aggregates.

e The highest result was obtained for concrete mortar mixes of 2% nanoclay with 20% ceramic powder for flexural
strength. Also, using 2% nanoclay without ceramic has an acceptable flexural strength.

e Using small percentages such as 2% nanoclay in a concrete mix without ceramic powder results in the highest
toughness among the other mortar mixes. While, using 8% ceramic powder results in the highest toughness
compared to the other ceramic mortar mixes.

e The optimum concrete mortar mix with the highest enhancement in the mechanical properties tested in this study
was 0% nanoclay with 20% ceramic powder. This mortar mix satisfies the eco-friendly aspect by reducing the
consumption of cement and is more economical than ordinary concrete mortar mixes.
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