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Abstract: Ceramic waste (CW) has a significant negative
environmental influence on the society. However, CW
may benefit the environment if it is handled carefully
and recycled in concrete production. Recycling CW may
lessen the demand for raw materials and waste disposal,
thereby preserving natural resources and lowering green-
house gas emissions. Numerous studies discuss the possi-
bility of CW utilization as concrete ingredients. However,
data are spread, making it difficult for the reader or user to
assess the benefits and drawbacks of using CW in concrete,
which limits its applications. To study the benefits and
drawbacks of using CW in concrete and provide the guide-
lines to the consumer with relevant information, a detailed
review is required. Therefore, this study is carried out to
collect all relevant updated information from published
articles. The major topics of this article include the general
history of CW, physical and chemical features, and the influ-
ence on concrete parameters including fresh, strength, ele-
vated temperature, and cost benefits. Results indicate that
CW decreased concrete flowability and strength. However,
with up to 10% substitution, the results are satisfactory, and
concrete can be used for a normal-strength structure.
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1 Introduction

The building sector makes a significant involvement in the
development of infrastructure in any place where concrete
is utilized as the primary material [1-5]. In the previous
three centuries, concrete has been the most widely used
man-made substance on Earth. The sustainability of green
construction has recently gained widespread acceptance
around the globe [6]. Therefore, the development of sus-
tainable materials that result in the preservation of natural
resources, the lessening of carbon dioxide (CO,) emissions,
the economic utilization of waste materials, and the pro-
duction of durable materials is essential. Therefore, several
researchers focused on improving the sustainability of con-
struction industries [7-10].

Each year, a substantial quantity of waste is produced,
which causes a hazard to the ecosystem and necessitates a
substantial amount of energy and cash to manage [11-14].
By adding wastes as a partial substitute for conventional
constituents in concrete, these difficulties may be handled
[15-19]. Annually, a large quantity of CW is generated, and
researchers are considering reusing it to create sustainable
concrete [20].

Ceramic materials have been used for a long time for a
range of functions and continue to be a popular material
utilized for creating items such as earthenware, sanitary
ware, and high-voltage electric insulators. Ceramic floor
and wall tiles, as well as other clay construction bricks,
are often utilized as building materials. Figure 1 displays
different CW types.

Building construction and the consumption of material
supplies both expand as developing countries transform
into industrialized ones. This is occurring at a time when
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Figure 1: Types of ceramic waste.

the world community is concentrating more and more on
sustainability as the challenge of global climate change
becomes more obvious and widely accepted [21-24]. Reuse
and recycling are frequent recommendations for enhan-
cing the sustainability of development and are used in
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many Aspects of growth and society [25-30]. However,
one area that might require some work to increase sustain-
able development is the construction and demolition waste
[31-33].

During the manufacturing process in the ceramic indus-
tries, typically 15-30% turn into a waste product. These wastes
pollute the groundwater, the air, and the land. Mostly, the CW
is not currently recycled in any way. Therefore, the industrial
dumped CW in pits or neighboring unoccupied areas. Ceramic
waste (CW) is dangerous and requires large area for disposal
[34]. Ceramic companies are under pressure to find a disposal
solution because of the daily accumulation of CW [35]. CW is
one of the products that is produced in large quantities during
the production of ceramics used in sanitary, tiling, and refrac-
tory activities [36]. CW is estimated to make up around 30% of
the daily production of tiles (totaling roughly 22 billion tonnes
worldwide each year). CW’s incorrect disposal might cause
harmful elements including barium, copper, and cadmium
to seep into the groundwater, reducing the groundwater’s
quality and soil fertility [37].

Figure 2: Preparation process: (a) raw ceramic, (b) grinding by hammer, (c) grinding by jaw crusher, and (d) powder by air jet mill [43].
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The manufacture of cement composites from CW is a
perfect match for a sustainable development plan. Several
articles discuss the possibility of numerous CW types as
energetic additives to materials made of Portland cement
[38,39], with the majority of them focusing on their impact
on the characteristics of mortars and concrete when used in
place of natural aggregates [40,41]. Concrete using ceramic
aggregate has a more refined pore structure, with fewer
macropores and more capillary pores. When compared to
the typical aggregate, it is shown at the microlevel that the
interfacial transition zone (ITZ) also makes it compact.
Zircon in CW does not migrate to cement paste and does
not even hinder the chemical reaction [42]. These elements
lead to the development of strength along with durability in
terms of resistance to ecological, organic, and inorganic
causes. Figure 2 shows the preparation procedure of CW
for concrete production.

The characteristics of concretes made from waste
ceramic tile aggregate were examined. The properties of
ceramic aggregate were measured and ground for use in
concrete as a replacement for coarse aggregates ranging
from 0 to 40% and 0 to 100%. The findings revealed not
only an increase in compressive capacity but also a reduc-
tion in unit weight [44]. According to a study that examined
the acceptability of broken tiles as coarse aggregates in the
manufacture of concrete, the compressive capacity and
density of the concrete with 100% crushed granite have
maximum values and those with 100% broken tiles have
minimum values. According to previous studies, substi-
tuting crushed granite with a composition of between 39
and 57% broken tiles produced good results [45]. The study
looked at the impact of CW as a partial substitute for
crushed and sand in concrete and found that the compres-
sive capacity enhanced for all combinations, with the
blend including 10% crushed tiles and 20% tile powder
having the maximum compressive capacity. According to
them, the optimal proportion of coarse aggregate that may
be replaced with broken tiles is 10% [46].

Recycling CW offers several advantages, such as low-
ering the volume of waste dumped in landfills, preserving
natural resources, and lowering greenhouse gas emissions
related to the manufacture of new ceramic materials.
Recycling CW may also open new employment possibilities
and advance the circular economy. The usage of CW as a
concrete additive is thoroughly reviewed in this article.
The authors discuss the general background, types of
CW, the properties of CW, and the potential benefits of
using CW in concrete. In addition, the authors present a
thorough analysis of the literature on the use of CW in
concrete, including the impact of CW on the fresh, mechan-
ical, thermal, and cost benefits associated with the use of
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CW in concrete production. The reader or user may get an
idea of the benefits and drawbacks of CW in concrete
without carrying out any tests, which saves both time and
money. Finally, the authors recommend future research
ideas that will further improve its performance.

2 Physical and chemical properties

Depending on the kind of ceramic material used and any
glazes or coatings added, CW may have a variety of colors.
However, ceramic is mostly gray in color. The specific
gravity of CW may vary from around 2.16 [47] to 1.89
[48], depending on the nature and makeup of the ceramic
material. In contrast, the specific gravity of cement is nor-
mally ~3.15. This implies that, on average, CW is less dense
than cement. However, this does not always imply that CW
is weaker or less durable than cement. CW may be utilized
as a partial replacement for cement in concrete mixes, and
studies have shown that it can increase the strength and
durability of the resultant concrete.

CW is typically recognized for its low water absorp-
tion, ie., 0.10% [47] compared to many other forms of
porous materials. This is due to the fact that CW is often
burned at high temperatures, causing it to become thick
and less porous. Water absorption in CW varies based on
parameters such as ceramic material and firing tempera-
ture, but it is typically acceptable, usually less than 5%.
Aggregate, on the other hand, may have a broad variety
of water absorption rates based on its porosity and content.
The minimal water absorption of CW, 0.10% [47], makes it
stand out from other porous materials. Contrarily, the
aggregate may absorb water at various speeds depending
on its composition and porosity.

CW may come from several sources, such as broken or
discarded ceramics, and the resultant particles can come in
various forms and sizes. However, certain CW particles may
be more angular or irregular in form owing to the weath-
ering or crushing of the parent material. While cement
particles might have elongated or angular forms, they are
primarily created by grinding and milling procedures.
Figure 3 displays a comparison between ceramic and
cement particles. Similarly to this, Senthamarai and Man-
oharan [49] indicated that the surface roughness of the CW
aggregate was smoother than that of crushed aggregate.

The chemical makeup of cement varies based on the
type of cement. Portland cement, the most popular form of
cement, has 65-75% calcium oxide (CaO), 20-25% silicon
dioxide (Si0,), and trace quantities of other oxides such as
alumina, iron oxide, and magnesium oxide. Other forms of
cement, such as slag cement and pozzolanic cement, may
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Figure 3: SEM: (a) cement and (b) CW [50].

Table 1: Chemical composition of CW

Ref. [51] [52] [53] [54] [35]
Si0, 75.4 67.3 64.56 55.3 68.11
Al,05 9.10 19.8 15.07 18.3 16.48
Fe,03 1.90 2.5 6.01 6.22 0.59
MgO 1.88 2.0 2.04 0.39 1.61
Ca0 8.60 2.3 4.15 11.06 0.85
Na,O - - — 0.68 3.78
K,0 — — — 1.20 3.14

have various compositions. CW, on the other hand, is a
broad name that may apply to a wide range of materials,
including porcelain, stoneware, earthenware, and tiles.
CW’s chemical makeup varies depending on the kind of
ceramic, but it often comprises oxides like silicon dioxide,
aluminum oxide, and magnesium oxide, as well as other
elements like calcium, salt, and potassium. The chemical
composition of CW utilized in concrete is presented in
Table 1 based on previous research.

Overall, the chemical composition of CW depicts that it
can be used as a cementitious material in the manufacture
of cement, which can help to reduce the amount of cement
required and thus decrease the carbon footprint of cement
production.

3 Fresh concrete

3.1 Bleeding

When concrete bleeds, free water in the blend rises to the
top and generates a cement paste known as “laitance” on the
surface. Concrete bleeds when free water rises to the top and
coarse particles settle down. Continuous channels are created
by the water moving upward as it moves from the bottom
to the top. The structure’s permeability, which reduces the
strength and durability of the concrete, is often caused by these

continual bleeding channels. Figure 4 illustrates how ceramic
aggregate affects concrete bleeding at various water-to-cement
ratios (w/c). The bleeding becomes dangerous as the w/c
increases. This is due to the tendency of the extra water in
the blend to move toward the concrete’s surface and accumu-
late there. All three bone China ceramic concrete blends with
100% bone China aggregates had bleeding rates of 2.09, 1.68,
and 2.1% for wjc of 0.35, 0.45, and 0.55, respectively.

The amount of bone China aggregate in concrete increases
the amount of water lost via bleeding. The internal water that
the bone China aggregate had absorbed slowly leaked back
into the concrete mixture, increasing the amount of water
bleeding. Furthermore, the form of CW particles is often
angular and uneven, which may lead to more interlocking
and a tighter packing of the particles in the concrete mix.
This may lead to diminished workability of the concrete, which
in turn can raise the possibility of bleeding as more water is
trapped and later released. In addition, Siddique et al. [55]
found that using large doses of the superplasticizer to make
bone ceramic concrete mixes appropriate and workable led to
significant water loss via bleeding. The greater length of
bleeding was due to a longer setting time that was brought
on by the higher superplasticizer dose. Additionally, compared
to natural sand, bone ceramic aggregates are finer and lighter.
This causes laitance to build on the top surface of freshly
blended ceramic concrete, increasing the quantity of bleeding
water. Maintaining the water-to-cement ratio, using the right
admixtures, and mixed designs that may assist in lowering the
risk of bleeding can help manage bleeding in concrete. Proper
curing and preservation of the concrete during its early phases
of hardening may also assist in avoiding bleeding and assure
proper strength and durability.

3.2 Workability

In general, the use of CW in concrete construction might
result in a reduction in the slump flow, particularly at
greater replacement rates as demonstrated in Figure 5.
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Figure 4: Bleeding of CW concrete [55].

However, this can be mitigated using chemical admixtures,
such as plasticizers, which can enhance the flowability and
consistency of the concrete. The decrease in slump flow
with the substitution of CW as cement can be ascribed to
the pozzolanic action. Gautam et al. [56] observed the poz-
zolanic action of ceramic powder of bone china. Concrete’s
workability or consistency may be affected by the reduc-
tion in the free water that results from the reaction
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between calcium hydroxide and CW. Additionally, the
slump flow of the concrete can be significantly affected
by CW, which is frequently used in place of natural aggre-
gates in concrete production. This is because CW has a
larger surface area and is more porous than conventional
aggregates, which may result in an increase in water
demand and a decrease in flowability. According to Habert
[23], the slump value decreased when recycled coarse
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Figure 5: Slump flow of CW concrete [47,57,58].

lkponmwosa et al.,

Daniel et al.,



6 =—— Jawad Ahmad et al.

ceramic aggregate was used in place of coarse natural aggre-
gate for all mixes while maintaining a constant weight-to-
cement ratio.

However, at 20, 40, 60, and 80%, the slump value is the
same at 110 and 100 mm, respectively. Tavakoli et al. [46]
found that the slump value lowers up to a 50% ceramic
sand replacement percentage before rising again. Addi-
tionally, Jackiewicz-Rek et al. showed that adding more
ceramic filler to mortar reduces its consistency and flex-
ibility [59]. According to Tkponmwosa and Ehikhuenmen,
the increased water absorption capacity and the angular
structure of the CW might explain why the slump value
rises with an enhanced ceramic proportion [47]. The sur-
face roughness of the employed fine ceramic aggregate was
shown to have uneven particle shape, rough surface tex-
ture, and sharp edges as indicated by scanning electron
microscopy (Figure 6), which reduce concrete flowability.

The presoaked ceramic aggregate was used by Anderson
et al. [31] before being added to the concrete. Results show
that the ceramic particle’s angularity is larger than that of the
crushing aggregate, which would predict a decline in work-
ability. However, the results of the slump indicate that the
angularity had no effect in this area. The increase in a slump
was more significantly impacted by the saturated series
which has higher average water. The additional water on
the ceramic aggregates’ surface that did not evaporate within
the definite time for air-drying the aggregates’ surface before
mixing is probably what caused the greater slump in the
saturated mixes. Amin et al [60] also discovered that repla-
cing 10, 15, 20, and 25% of the coarse aggregate with porous
CW aggregate resulted in slump values that were 9.09, 22.72,
36.36, and 45.45% higher, respectively. Water-soluble poly-
mers may have been added, acting as a plasticizer and lubri-
cant for the flow of fresh concrete, which may have increased
slump.

Figure 6: SEM of fine CW [57].
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3.3 Air content

The interaction of sulfate attack and freeze-thaw damage
may destroy concrete, although optimal air entrainment
will protect it from these negative consequences [61].
Figure 7 shows the air content with different percentages
of CW. The entrainment of air also promotes the work-
ability of the concrete for placing purposes and facilitates
a decrease in the sand and water contents of the mix. In a
study by Van Lam et al. [7], the substitution ratio of CW did
not impact the entrained air of fresh mortar. According to
Ben Nakhi and Alhumoud [62], adding more recycled
aggregate did not significantly alter the air content. The
air content was 2.5% for aggregate mixes with 0% recycled
material and 100% recycled material, respectively. CW, how-
ever, made the combination less flowable and required a
greater admixture dosage. Ling and Poon [27] stated that
increasing the quantity of the admixture used led to an
increase in the air content in the freshly mix concrete,
which in turn led to an increase in the total amount of air
in the hardened concrete, leading to the pores in surface
area and the micropore proportion. According to Zegardlo
et al. [63], the greater porosity of ceramic aggregate is what
caused the concrete density to decrease. There was still
some air trapped in the ceramic aggregate particles because
the cement paste had not reached the holes in the ceramic
aggregate. Therefore, CW reduced fresh density and increased
porosity but had no impact on the air content.

3.4 Fresh density

Figure 8 demonstrates that using CW in place of sand
results in a slight decrease in the bulk density of mixes.
This is likely because CW aggregate particles have a lower
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Figure 7: Air content of CW concrete [59].
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density than natural sand particles. Similar findings from
Ben Nakhi and Alhumoud [62] showed that the density and
air content of fresh concrete dropped as the proportion of
recycled particles increased. According to Elci [64], the fresh
densities of concrete made using wall and floor tile aggre-
gate were 1,914 and 2,036 kg-m'3, respectively, whereas the
concrete made with control limestone had a density of
2,377kg'm>. Low fresh density was reportedly caused by
the floor tile and wall tile aggregates due to reduced particle
density. According to Lesovik et al. [65], recycled concrete
aggregate has a lower density of roughly 20% and a larger
porosity than the natural coarse aggregate.
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Figure 8: Fresh density of CW [66].
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The fresh density steadily reduced, and the density of
the CW was inversely proportional to the percentage of
cement substitute. The specific weight of the CW, which
was 0.4 times the value of the specific weight of the cement,
caused the drop in fresh density [54]. According to Siddique
et al. [55], using aggregate made entirely of bone in China
enhanced the fresh density of concrete mixes by an average
of 7%. The greater superplasticizer dosages added to fresh
concrete mixes incorporating bone China aggregate pro-
duced better consolidation due to decreased viscosity, which
raises the fresh density of concrete. The use of CW may
result in the reduction in fresh density but it may not neces-
sarily have a substantial effect on the concrete’s overall
strength and durability.

4 Strength properties

4.1 Compressive strength (CS)

Figure 9 and Table 2 depict the concrete CS with various
CW percentages. It can be noted that most researchers
claimed that the concrete CS decreased with the substation
of CW. However, according to Arbili et al. [33], concrete’s
CS increases when ceramic powder as a cement substitute
increases up to 30% by weight. But when cement is further
replaced with ceramic powder (beyond 30%), the strength

Patel et al.,

Figure 9: Compressive strength of the CW concrete [47,57,68].
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of the concrete decreases. Additionally, the concrete with a 30%
cement substitution of CW achieves a CS of 22.98 N-mm % while
lowering cement costs by up to 12.67%, making it more cost-
effective than conventional concrete without sacrificing
strength. Similarly, Hilal et al. [67] also concluded that CW
increased the concrete CS. Therefore, it becomes technically
possible and commercially viable. CW includes reactive ele-
ments such as silica and alumina, which may react with the
cement to generate extra cementitious compounds that con-
tribute to the strength of the concrete.

Although research is being conducted on the use of CW
as a cement substitute material, it is not yet extensively
employed in the building sector. Some of the difficulties in
employing CW as a cement substitute include variations in
the material properties and probable durability concerns
over time. However, scientists are still looking at methods
to improve the use of CW in the manufacture of cement,
such as by altering the particle size and adding chemicals
to enhance the qualities of the finished product. This is a
field of ongoing study due to the sustainability advantages of
employing waste materials as a cement substitute. Although
CW has the potential to replace cement, a detailed study is
still required to fully understand this possibility and to
establish best practices for its use.

The effectiveness of common mortars was used to
show that recycling waste from the ceramics industry
and the destruction of red-clay bricks or tiles could be
done in a way that would utilize less or no natural aggre-
gates. Results are excellent up to at least a 20% replace-
ment ratio of CW for sand [69]. According to Medina et al.
[42], the CS improved as the substitution ratio of CW
increased because the mixes that included ceramics were
more compact and had less porosity than standard con-
crete. According to Guerra et al. [70], concrete specimens
with natural crush stone aggregates substituted with 5, 7,
and 9% ceramic aggregate presented improved CS at all
curing ages. Singh and Srivastava [36], however, looked
at the outcomes of utilizing 20, 50, and 100% fine ceramic
aggregate. At 28, 32, and 42 days, respectively, it was dis-
covered that the CS was almost 32, 33.5, and 42.5% lesser
than that of the reference concrete blend. The decrease in
strength was caused by an increase in the water-to-cement
ratio (w/c). According to Devadas Manoharan and Sentha-
marai [71], using CW to partly substitute instead of crushed
stone coarse aggregate did not affect the CS. Similarly, Tor-
kittikul and Chaipanich [72] found that the CS of concrete
with 50% ceramic aggregate was almost equal to the
reference sample. They concluded that, among the fly ash
concrete compositions, the one containing just recycled
ceramic aggregate had the maximum CS. Siddique et al.
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[73] also showed that the ceramic aggregate’s angularity
and roughness lead to a larger need for cement paste to
fill the surface area, which results in more voids in con-
crete. However, the ceramic aggregate’s pozzolanic activity
neutralizes this phenomenon by helping to create hydra-
tion products that preserve or increase CS. Rahmawati
et al. [16] examined the replacement of coarse aggregate
with industrial CW. According to the results, the concrete’s
CS was just 3.8% less than that of the reference mix. There-
fore, there is a slight change between the qualities of
normal concrete and those made with coarse aggregate
from CW. According to Jiménez et al [40], using up to
40% of a recycled aggregate made from ceramic wall waste
may have somewhat enhanced the mechanical qualities of
the masonry mortars.

4.2 Tensile strength (TS)

The concrete TS with varying CW percentages is presented
in Figure 10. The concrete TS was slightly reduced with the
replacement of CW. Awoyera et al. [76] studied the strength
of CW aggregate concrete. CW as a fine and coarse aggre-
gate replaced the concrete fine and coarse aggregate of 25,
50, 75, and 100%, respectively. Results depict that the
strength properties of CW concretes improved as the per-
centage of natural aggregate replacement increased.
According to Higashiyama et al. [41], the TS of mortar
improved as the quantity of CW used to replace natural
aggregate increased. They also discovered that with a
replacement proportion of 25% ceramic fine particles, the
TS increased by roughly 12% when associated with the
control sample. Anderson et al. [31] showed that the inte-
gration of ceramic tile waste enhances the concrete TS,
except for 100% replacement, which shows a maximum
of 6.5% deterioration in TS. According to Medina et al.
[77], the presence of ceramic aggregates caused the pore
arrangement to be refined, resulting in an increase in the
volume of capillary pores and a decrease in the volume of
macro-pores which caused more strength. According to
Medina et al. [42], mixes with ceramic waste are more
compact and have less porosity than ordinary concrete,
which results in an improvement in TS with an increase
in the replacement ratio. Siddique et al. [73] discovered
that surplus water present during concrete mixing pro-
gressively evaporates, resulting in cavities. Because of the
relatively rough surface of ceramic aggregate, a higher
volume of cement paste is required to ensure sufficient
coverage, which also generates voids. Because of the angular
form of the ceramic aggregate, there is a higher proportion
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Figure 10: Tensile strength of CW concrete [35,68,75].

of voids in the concrete. The increasing void causes a reduc-
tion in the concrete strength capability.

The TS of ceramic mortar was observed to increase
with curing age. It may be linked to the pozzolanic reaction
that occurred between the active silica and calcium hydro-
xide, which was generated during the cement’s hydration
phase. Furthermore, owing to the pozzolanic character of
CW, the TS for ceramic mortar at 7 days was lesser than
that of the cement mortar [78]. According to Heidari and
Tavakoli [43], the TS of ceramic mortar was 2.85 MPa after 7
days of curing, which is roughly 4% less than the 2.95 MPa
obtained for cement mortar. However, the TS of ceramic
mortar improved with time when compared to cement
mortar. For example, after 90 days, the TS of ceramic
mortar was found to be 4.45MPa, which is about 15%
greater than that of cement mortar during the same curing
period. Bai et al. [79] also observed that the concrete
strength increased with increasing curing time. The pozzo-
lanic reaction often moves more slowly than other cemen-
titious reactions such as the hydration of cement. This is
due to the gradual chemical reaction that takes place over
time when the pozzolanic material (silica) and calcium
hydroxide react with each other in the presence of water.
The kind and quantity of pozzolan used, the environment’s
temperature and humidity, as well as the particle size of
the pozzolan, may all affect how quickly the reaction
occurs. The pozzolanic reaction’s slow speed influences
the rate gain of strength. However, the slow rate may be
advantageous in certain circumstances. As the reaction
products have more time to fill in the pores and gaps in

Bommisetty et al

Patel et al.,

the concrete matrix, the slower reaction, for instance, may
produce denser and more durable concrete. Pozzolanic
compounds may also aid in lowering the heat of hydration,
which can be problematic in large quantities of concrete
transfers or in warm areas.

4.3 Flexural strength (FS)

Figure 11 depicts the flexural strength (FS) of concrete made
with various CW percentages. The concrete FS with the sub-
station of CW increased up to certain percentages and then
decreased. Silva et al. [69] also showed that the CS and FS
increase with the substitution of fine aggregate by brick
waste up to around 20-40% and that both attributes dete-
riorated at higher replacement ratios. The increased quan-
tity of fines with the substitution levels of brick waste that
filled gaps and the pozzolanic action of the brick particles
may be responsible for this enhancement in the mean
values of CS and FS. The rough surface texture of the CW
aggregate, which provides increased surface area, contributes
to the improvement in mechanical strength. Additionally, this
offers sufficient bonding between the cement paste and the
CW aggregate [42]. Halicka et al. [80] substituted ceramic tiles
for 5, 10, 15, and 20% of sand in concrete and found that the
concrete with ceramic tiles had 7-day FS that were greater
than those of the reference sample, excluding the concrete
where ceramic tiles made up 20% of the fine aggregate.
However, according to Anderson et al. [31], replacing
100% ceramic tile waste results in a 25% reduction in FS. In
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general, the cement’s reduced ability to adhere to ceramic
tile aggregate results in the formation of weaker concrete.
Recycled concrete was used by Mukai and Kikuchi, [81] for
structural purposes. They created several reinforced con-
crete beams with 150 mm x 150 mm cross sections and
1,800 mm in length using recycled aggregates at substitu-
tion ratios of 15 and 30%. The findings showed that there
was no appreciable difference between the control sample
and the beams made using waste materials in terms of
their FS. Reinforced concrete beams measuring 300 mm x
460 mm and 3,000 mm in length were tested by Arezou-
mandi et al [82]. It was shown that the overlay of the
RCA inclusion beams had a similar FS to the control
beam. Five reinforced concrete beams with CW were eval-
uated for their FS performance under static loads to failure
[50]. Under the applied stress, the strength of the rein-
forced concrete beam constructed of CW and traditional
concrete exhibited a similar pattern, with an identical
number of fractures produced over the length of the
beam. Because of the longitudinal reinforcing bar and con-
sequent concrete fracture in the compression area, all
beams failed in flexure. When compared to the control
beam, the performance of beams containing 100% CW as
fine and coarse particles was satisfactory. Therefore, CW
was shown to be effective in the manufacturing of sustain-
able concrete.
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4.4 Adhesive strength

The term “adhesive strength” describes an adhesive’s capa-
city to adhere to the surface and join two surfaces. The
average adhesive strength of mortars, which varied between
0.37 and 0.45 MPa, was not affected by the substitution of up
to 40% fine aggregate with CW [40]. Therefore, it implies that
the mortar’s capacity to adhere to a surface was not adversely
affected by using wasted CW instead of sand. The particle size
distribution, shape, surface texture, and mineral content of
the CW may be comparable to those of natural sand in terms
of physical and chemical aspects. As a result, the mortar made
from recycled CW can be guaranteed to have comparable
adhesive strength and bonding qualities to the mortar
made from natural sand. Silva et al [69] also found values
in the range of 0.34-0.43 MPa. The authors also discovered
that the adhesive strength was increased in comparison to
the control mortar by the addition of aggregates made from
waste bricks of various sizes. Corinaldesi and Moriconi [83]
also discovered that recycled aggregate mortars had greater
mortar-brick bond strength than the control sample.
Overall, the absence of a negative effect of CW on the
adhesive strength may indicate that CW might be a work-
able and sustainable substitute for natural sand in certain
applications, thereby minimizing waste from dump sites
and eliminating the determined environmental impact.
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20%

Sowjanya et al., Hasan et al.,

Figure 11: Flexural strength of ceramic concrete [48,51-53].

AlArab et al., Olawale et al.,
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4.5 Failure pattern

Visual inspection of the examined specimens reveals
that when aggregate replacement is increased, the failure
mechanism changes slightly. The positions, angles, and
number of fractures that occurred in the examined speci-
mens did not significantly alter since the overall test
damage characteristics were identical. But when the com-
position of the aggregates varied, the failure mechanism
inside the fractures and around the aggregates altered as
well. The control sample aggregates would break and
crack with the high connection between the paste and
the aggregate surface, as is typical of materials used in
normal concrete construction. The failure cracks in the
CW sample had a weak bond between the paste and the
aggregate, as shown by the fact that many of the ceramic
aggregates inside them just pushed out or dragged away
from the adjacent mortar, as shown in Figure 12.
According to El-Dieb et al [37], the addition of CW
delays the development of strength. This is primarily due
to a dilution impact that diminishes the connections in the
hydrating gel. The porous nature of the ceramic may have
encouraged water infiltration within the fragments, which
under freezing temperatures could raise the concrete’s sus-
ceptibility to break and constituent bond delamination
[84]. This shows that the ITZ, or the area right around
the aggregate particles with a distinct mortar internal
structure, compared to that of the mortar in the cement
mass, does not have a strong bond between the materials
as the natural aggregate does. This may be caused by sev-
eral factors, including the angular aggregate shape, the flat
and smooth surface qualities of the CW, and the moisture
absorption capacity, but the surface texture has probably
the biggest impact. The ceramic tile material utilized in this
research is naturally flat and smooth on at least two of the
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sides, with the remaining sides of any particular crumpled
CW aggregate being rougher in contrast. Furthermore, the
tiles’ top surface is coated, making it much smoother than
the bottom. The lowered tensile and FSs are likely caused
by the poorer cohesiveness between the cement pastes and
the CW particles.

4.6 Load deflection

The load-deflection performance of beams exposed to increasing
static stress at a rate of 1 kN‘min " is presented in Figure 13. First,
the load-deflection performance of all beams showed a trend
toward similarity, with the linear behavior indicating equal stiff-
ness. However, as the load increased, the beams started to frac-
ture along with some increase in deflection.

The reference concrete beam had the largest deflection
of 28.46 mm at the mid-span for the ultimate load when
compared to other beams. At the maximal load, recycled
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Figure 13: Load deflection of CW concrete [50].

Figure 12: Replacement of (a) 0 and (b) 100% coarse aggregate [31].
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aggregate in beams was deflected by 17.52 mm. The phy-
sical properties of the ceramic material used to generate
recycled aggregate, which produces better stiffness than
reference concrete, may be the reason for the observed
enhancement in the ultimate load. To enhance the mechan-
ical qualities of cementitious materials or as a filler in
composites, CW is often employed. While the inclusion of
CW might increase the material’s hardness and CS, it may
also decrease its ductility, or capacity to bend without
breaking. According to Grondin et al. [85], the findings
demonstrate that recycled aggregate is more brittle than
regular concrete, and the numerical analysis demonstrates
that fractures may form through the brittle recycled aggre-
gates. This is because ceramics are brittle by nature and
often break under stress as opposed to deforming plasti-
cally. The unique material composition and processing cir-
cumstances determine the amount of CW that will alter a
material’s ductility. However, methods like modifying the
form and size of the CW particles or using other materials
in the composite may be able to counteract any unfavor-
able impacts on ductility. In this regard, this review sug-
gests the addition of fiber materials such as steel fibers
[86], carbon nanofibers [87], and nylon fibers [88], etc., in
CW-based concrete which improves the ductility and avoid
undesirable brittle failure.

Sustainable concrete = 13

4.7 Crack pattern

The cracking behavior of beams made of a material that
includes CW may be impacted. The stiffness and hardness
of CW are often high, which may boost the material’s
elastic modulus and CS. Therefore, the beam may become
stiffer and stronger, which may lessen the chance of
breaking and enhance the beam’s ability to support more
force. Figure 14 shows the location of the created fractures
throughout the length of the beams.

The first crack is in the zone of pure moments in the
middle of all beams. In addition, the pure moment area of
the beam recycled coarse aggregate and reference concrete
exhibited 25% crack development, compared to just 17% in
the pure moment region of the specimen recycled aggre-
gate. This variation may be caused by the properties of the
ceramic materials utilized in the beam designs and the
increased ultimate load capacity of the suggested beams.
Furthermore, the number of fractures in various beams
ranged from 12 to 16. CW may be used as a filler, filling
up any holes or pores and boosting the density of the mate-
rial. This may assist in increasing the material’s overall stiff-
ness and strength, which will increase its resistance to
breaking under stress. Additionally, certain forms of CW,
particularly those that are fibrous in nature, may aid in

Figure 14: (a) Control, (b) ceramic coarse aggregate, (c) ceramic fine aggregate, (d) ceramic fine and coarse aggregate, and (e) 40% ceramic powder

(cement) and fine aggregate [50].
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boosting the material’s TS, which can aid in preventing
fractures.

4.8 Elastic modulus

The concrete elastic modulus with various CW percentages
is presented in Figure 15. The concrete elasticity was
noticeably increased with the addition of the CW substa-
tion. The improvement was noted beyond the 35% addition
of CW. The 100% replacement specimens produced the
highest elastic modulus value of 27.4 GPa, which is 26.9%
greater than the 21.6 GPa determined in the control sample.

This increase is comparable to the aggregate replace-
ment ratio, indicating a clear correlation between the
elastic modulus and the fraction of angular aggregates
[89]. The harder the material, the greater the elastic mod-
ulus. It was found that replacing a portion of the cement in
concrete with CW (10, 20, and 40%) had no negative effects
on the concrete’s elastic modulus [90]. This was due to the
ceramic powder’s micro-filler action, which produced a
denser concrete structure. When replacing floor and wall
tiles by 100%, the elastic modulus increases by 26.9% [31].
The 28-day modulus of elasticity of the concrete marginally
decreased when fine ceramic aggregate was used instead
of 15 and 30% of the fine aggregate [91].

Furthermore, AlArab et al. [52] found that CW
decreased the concrete elastic modulus. This is described
by the fact that porous ceramic reduces the rigidity of con-
crete, causing greater stresses for a given weight. According
to Ariffin et al. [78], there are four other explanations for the
decrease in elastic modulus. There are four reasons why
ceramic aggregates are less rigid than natural aggregates:
(i) coarse ceramic aggregates are less stiffer than natural
aggregates; (ii) fine CW with minor stiffness results in less
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Figure 15: Elastic modulus of ceramic concrete [31].
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stiff cement pastes; (iii) the angular shapes of the aggregates
cause holes; and (iv) the smooth surface of the CW aggre-
gates deteriorates the connection between itself and the
paste. Both positive and negative impacts on the elastic
modulus might result from adding CW to a substance. CW
is often used as a filler material, which may increase the
material’s stiffness and strength. However, excessive waste
or waste that is not evenly distributed throughout the mate-
rial may lead to flaws, weaken the overall structure, and
lower the elastic modulus.

4.9 Impact resistance

The capacity of concrete to endure repeated impacts and
absorb energy without negatively affecting cracking and
spalling is known as impact resistance [92]. Figure 16
shows how the impact resistance of geopolymer specimens
is affected when ceramic particles are present because it
functions as a replacement for tiny particles. By increasing
the proportion of fine CW from 50 to 70%, the specimens’
resistance to early fractures and failure was increased by
46.8 and 49.9%, respectively. The amount of CW in the
material increased from 50 to 70%, and 10% of the slag
was substituted with fly ash, which led to an increase in
early failure and cracking of 57 and 60%, respectively.
According to Mukai and Kikuchi [81], the rubberized con-
crete beam was exposed to impact energy when a micro-
crack appeared for the first time under an impact load. As
the rubber content increased, so did the impact energy of
the beam. The impact energies of the beam at the first
crack were 21.6, 22.6, 28.8, and 47.3 ] when the rubber con-
tents were 0, 20, 40, and 60%, respectively. When silica
fume was added, the impact energy at the initial fracture
increased. The impact energies at the first crack were 23,
24.7, 35, and 56.6 ] when the silica fume concentration was
10% and the rubber contents were 0, 20, 40, and 60%,
respectively.

The mechanical qualities of the concrete are enhanced
when CW is included in the mix as a filler. The concrete
matrix’s spaces may be filled with CW particles, enhancing
the material’s density and limiting the size of impact-
related fractures. Furthermore, the impact test’s failure
pattern might be impacted by the substitution CW. The
distribution, composition, shape, size, and degree of impact
of the CW particles in the material all influence the failure
pattern. Figure 17 shows the failure pattern that might take
place in specimens created using a considerable quantity
of CW. According to the results, specimens with a high
concentration of CW displayed little cracking because of
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Figure 16: Impact resistance of CW concrete: (a) number of blows, and (b) impact energy for the first crack and ultimate crack [93].

the CW’s filler action, which collected more energy and is evenly distributed throughout and fully incorporated. In
prevented the specimens from collapsing suddenly [93]. this situation, the material can break ductility, undergoing
The hardness of the material may be increased if the CW further plastic deformation before ultimate fracture. The
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impact capacity was significantly increased and the begin-
ning and spread of mortar cracks were postponed as a
consequence of the impact energy being absorbed by CW
as opposed to being transmitted to the nearby blast fur-
nace slag. This was accomplished by postponing the begin-
ning of the mortar’s breaking. When reinforced structures
are exposed to both impact and dynamic loads, the impact
resistance of such structures increases significantly because
of the addition of rubber particles.

5 Performance at high
temperatures

5.1 Visual observation

As shown in Figure 18(a), a concrete specimen that was not
subjected to high temperatures is in dark gray. Addition-
ally, there were no surface fractures to be seen. This
depicts the form and color of a concrete specimen in its
natural state while curing at laboratory temperatures. The
surface modifications of the concrete specimen subjected
to a temperature of 200 °C for 2 h are shown in Figure 18(b).
The concrete’s color changed to a pale gray. No fissures
could be seen on the concrete sample’s surface along
with this color shift. The evaporation of the capillary
pore water was responsible for the difference in color
between the samples exposed to 200°C and the control
samples.
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The evaporation of chemically bound water, also known
as non-vaporized water, which was a component of the
cement hydrate compounds and could not be released from
the cement paste until chemical decomposition took place, is
the primary cause of the color change, widening, and
spreading of cracks above 200°C. Small voids that are filled
with water inside a substance are called capillary pores.
When a substance is subjected to high temperatures, the
heat may cause the capillary pore water to evaporate,
leaving behind a dry, porous structure. Because of this
moisture loss, the material color may alter, often appearing
lighter or disappearing.

According to Figure 18(c) and (d), the water in the
compounds CSH and CH is released at 400 and 600°C,
respectively. At 800°C, it was found that fractures widened
because of the aggregate’s disintegration, which converted
CaCO3 into CaO and CO,. The aggregate’s color also changed
to a reddish color.

Figure 19 shows the prismatic specimens after 30 days
in a setting with increased heat (1,000°C). After this time, it
was found that concrete specimens based on gravel aggre-
gate lost their cohesiveness and that when picked up,
around 40% of the sample mass was broken. The fact
that samples of concrete with gravel aggregate lost their
cohesiveness at high temperatures shows that the concrete
may have been subjected to thermal stress, which may
have led the material to expand and contract quickly,
causing cracking and loss of cohesiveness. This may occur
when concrete is subjected to extreme temperatures (as
those in a fire) and then quickly cooled. Precautions have
to be taken to protect the concrete from heat damage, such

Figure 17: Failure pattern: (a) 0%, (b) 50%, and (c) 70% CW concrete [93].
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Figure 18: (a) Room temperature, (b) 200°C, (c) 400°C, (d) 600°C, and (e) 800°C [60].

as utilizing fire-resistant materials, constructing insulation,
or improving ventilation and circulation to remove heat.

However, fissures and a little mass reduction were seen
in concrete samples built using granite aggregates. It is
anticipated that concrete constructed using granite aggre-
gates would be comparatively strong, long-lasting, and heat-
resistant. It is still possible, nonetheless, for granite-based
concrete to fracture or lose strength when subjected to high
temperatures or thermal stress. However, owing to the
material’s increased thermal stability, concrete built with
ceramic aggregates may be more heat resistant. Ceramic
materials are often used in high-temperature applications
because they can endure intense heat without degrading or
losing their structural integrity.

5.2 Strength loss

In comparison to the reference combination, the mixes
containing crushed brick and tile aggregate exhibit signifi-
cant reductions in FS but lower reductions in compressive
capacity up to a temperature of 200°C, as shown in Figure 20.
This suggests that the various unique properties of aggre-
gates may have different effects on how well the concrete
performs at high temperatures. Additionally, it increases the
possibility that the differing thermal expansion and contrac-
tion characteristics of the aggregates may have an impact on
how well they respond to various kinds of loads [94].

The combination with crushed brick aggregate lost
both of its strengths (flexural and compressive) more
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Figure 19: Deterioration of the sample exposed to 30 days at elevated
temperature: (a) gravel aggregate, (b) granite aggregate, and (c) ceramic
aggregate [80].

slowly than the reference mixture from 200 to 1,000°C,
which is much more noticeable in the case of the mixture
with crushed tile aggregates. The thermal qualities of the
aggregates may enable the concrete to better tolerate high
temperatures and avoid quick deterioration or damage,
explaining the slower rate of strength loss in the combinations
containing crushed brick and tile aggregate. Additionally, the
aggregates probably enhanced the concrete mix’s thermal sta-
bility, assisting in maintaining its strength and structural

S
50 -E 2

45 £
F ek
- Iy 10
40 + ol
F bR
P
Fpabadad
Fpabadad
30 I papadad
[ pabadad
25 M»‘»"
[ [pabadad
Fpabadad
FRRpadsY
FRapadad 8
FRRPaASY
F M»‘,»Mvv- o
15 & abadadadl o
Fpakadadad 8
Fpabadadid o o
Fapadadnal o
ORI 8
FRSRatadsapal S

)

o

=i

A5 400 °C
I

o
o
A4 N
‘ -

Compressive Strength (MPa)

]
P
a3

)Sé‘\: = o

b

NN S e N
R

Jos
2R

2

DE GRUYTER

integrity at higher temperatures. The improved fire resis-
tance of such combinations may be explained by the fact
that concretes including crushed bricks and/or tiles have
lower thermal conductivity than concretes containing
natural materials [95]. Thermal conductivity is the capa-
city of a material to transport heat through its mass, and
materials with lower thermal conductivity are often better
equipped to resist heat transfer and keep their structural
integrity at high temperatures. The concrete mixture pro-
duced by mixing crushed brick or tile with natural aggre-
gates may have a lower thermal conductivity than the one
produced by mixing natural aggregates, which could help to
slow down the rate at which the concrete heats up and
possibly prevent it from reaching temperatures that could
cause rapid degradation or failure.

5.3 SEM

The microstructure of the concrete provides information
about its engineering qualities. Figure 21 shows SEM images
that were heated to 400°C. Due to the difference in the
coefficients of thermal expansion of the aggregate and the
cement paste, it was observed that the high temperatures
induced a fracture in the bonding zone between the paste
and the aggregate. According to Kuan et al. [84], the ITZ for
normal-strength concrete is commonly regarded as the
weakest part of the cement paste matrix.

<
S

River Aggregate

Crushed Brick Aggregate

Crushed Tile Aggregate

Figure 20: Compressive strength of different types of aggregates exposed to high temperatures [94].
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This improves our knowledge of the factors that lead
to fractures on the surface and the interior of concrete. The
damage to the concrete’s qualities was less when exposed
to temperatures of 400°C or fewer than what was seen
when the samples were exposed to temperatures greater
than 400°C. Concrete degradation is primarily caused by
differences in how aggregate and cement paste react to
heat strain. In addition to the cement matrix expanding
due to water evaporation and the dissolving of cement
composites, high temperatures also cause the aggregate
to expand. As the temperature drops once again, the aggre-
gate starts to contract, which widens and multiplies the
number of fractures. According to Kodur [96], the elastic
modulus is reduced at high temperatures by the break-
down of bonds in the microstructure of cement paste
and the disintegration of hydrated products. The degree
of the reduction is dependent on moisture loss, high-tem-
perature creep, and the kind of aggregate.
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6 Cost benefits

The expenses of producing 1m® of concrete with replace-
ments of CW from 0 to 100% as coarse aggregate at inter-
vals of 25% are illustrated in Figure 22. Technically, CW is a
waste material that is often formed in ceramic manufac-
turing industries, such as pottery and tile manufacturing,
among others. Therefore, CW has no economic value. How-
ever, CW used in concrete requires some expenses of trans-
porting, crushing, and grinding to the required particle
sizes.

Ikponmwosa and Ehikhuenmen [47] included all these
costs while performing a cost-benefit analysis associated
with CW in concrete production. It can be noted that the
cost per cubic meter of concrete decreased with the substi-
tution of CW, although 100% substitution of CW decreased
the cost of concrete per cubic meter by 13.06%. However,
based on the negative impact of CW on concrete

Figure 21: SEM of ceramic aggregate-based concrete exposed to high temperatures [60].
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Figure 22: Cost benefits of ceramic concrete [47].

performance such as decreased flowability and strength
properties, Ikponmwosa and Ehikhuenmen [47] recommend
using CW by up to 75% as coarse aggregate which saves the
cost of concrete per cubic meter by 9.81%. Gautam et al. [97]
concluded that the usage of CW in the building industry not
only decreases construction material costs but also contri-
butes to achieving the goal of sustainability. The information
is less as the authors only used CW as coarse aggregate.
Therefore, they recommend more detailed studies on devel-
oping the benefits of concrete with CW as cement or fine
aggregate replacement.

7 Conclusions

This review summarized studies already carried out on the
application of CW in concrete by different researchers.
This study includes the general history of CW, physical
and chemical features, and the influence on concrete para-
meters including fresh properties, strength properties, per-
formance at elevated temperatures, and cost benefits. The
detailed conclusions are as follows:
¢ Bleeding increases with CW due to the internal water
that the ceramic aggregate has absorbed slowly leaking
back into the concrete mixture, increasing the amount of
water bleeding.
* The concrete flowability decreased with CW due to the rough
surface texture. Also, a decrease in fresh density was observed
due to the low specific gravity of CW. Furthermore, CW did
not considerably alter the air content.
The strength properties of concrete decreased with the
substitution of CW, although some researchers observed
improvement in strength properties with the substitu-
tion of CW. Ceramic aggregates are typically less dense
and less durable than traditional aggregates such as
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crushed stone or gravel, which can result in a higher
porosity in the concrete when they are used as an aggre-
gate. Higher porosity in concrete can lead to a reduction
in the overall strength of the concrete. However, up to
10% CW, a slight decrease in strength was observed indi-
cating that the CW up to 10% can be used for normal-
strength concrete.
Concrete performance with the substitution of ceramic
at high temperatures improved significantly. The rate of
decrease in strength in crushed tile aggregates is less
than in concrete made with natural river aggregate
and brick aggregate. Ceramic materials have a superior
melting point and are resistant to thermal shock, making
them suitable for use in high-temperature applications.
¢ The cost-benefit analysis shows that CW of up to 75% can
be used for structural application which saves the con-
crete cost of 9.81%.

Overall, the use of ceramic aggregates in concrete has
the potential to achieve sustainable goals by preserving
natural resources, reducing cost, energy conversations, solving
waste dumping issues, reducing carbon dioxide emissions,
and improving thermal insulation properties. However, it is
important to carefully evaluate the specific type and composi-
tion of the ceramic aggregate and to ensure that it is used in
the appropriate proportion and curing conditions to avoid any
negative impact on concrete strength.

8 Recommendations

Several researchers show that CW can be used in concrete.
However, this review recommends some aspects that should
be explored before being used practically.

* Concrete strength properties decreased with CW, parti-
cularly at higher proportions due to the porous nature
which absorbs more water and decreased flowability.
The absorbed water also decreased durability aspects.
Therefore, we recommend filler materials that fill the voids
in CW and improve its flowability. In this regard, secondary
cementitious materials such as silica fume or fly ash will be
more beneficial but a detailed study is required.

* Several researchers claimed that CW improved sustain-
ability. However, the information is less, and we recom-
mend detailed studies on life cycle assessment and cost—
benefit analysis associated with the utilization of CW in
concrete.

Acknowledgments: The authors would like to acknowl-
edge the Deanship of Scientific Research, Taif University,
for funding this work.



DE GRUYTER

Funding information: This work was funded by the Deanship
of Scientific Research, Taif University.

Author contributions: All authors have accepted responsi-
bility for the entire content of this manuscript and approved
its submission.

Conflict of interest: The authors state no conflict of interest.

Data availability statement: All the data available in
main text.

References

[

[2

E)

[4]

[5]

[6]

71

[8]

[9]

[10]

(1]

Babafemi, A. J., B. §avija, S. C. Paul, and V. Anggraini. Engineering
properties of concrete with waste recycled plastic: A review.
Sustainability, Vol. 10, 2018, id. 3875.

AL-Kharabsheh, B. N., M. Moafak Arbili, A. Majdi, J. Ahmad, A. F.
Deifalla, A. Hakamy, et al. Feasibility study on concrete made with
substitution of quarry dust: A review. Sustainability, Vol. 14, 2022,
id. 15304.

Svintsov, A. P., E. L. Shchesnyak, V. V. Galishnikova, R. S. Fediuk, and
N. A. Stashevskaya. Effect of nano-modified additives on properties
of concrete mixtures during winter season. Construction and
Building Materials, Vol. 237, 2020, id. 117527.

Althoey, F. Compressive strength reduction of cement pastes
exposed to sodium chloride solutions: Secondary ettringite for-
mation. Construction and Building Materials, Vol. 299, 2021,

id. 123965.

Handayani, L., S. Aprilia, Abdullah, C. Rahmawati, T. B. Aulia, and P.
Ludvig, et al. Sodium silicate from rice husk ash and their effects as
geopolymer cement. Polymers (Basel), Vol. 14, 2022, id. 2920.
Alattyih, W., H. Haider, and H. Boussabaine. Development of value
creation drivers for sustainable design of green buildings in Saudi
Arabia. Sustainability, Vol. 11, 2019, id. 5867.

Van Lam, T., B. Bulgakov, Y. Bazhenov, O. Aleksandrova, and P. N.
Anh. Effect of rice husk ash on hydrotechnical concrete behavior.
IOP Conference Series Mater Science and Engineering, Vol. 365, 2018,
id. 032007.

Althoey, F. and Y. Farnam. The effect of using supplementary
cementitious materials on damage development due to the for-
mation of a chemical phase change in cementitious materials
exposed to sodium chloride. Construction and Building Materials,
Vol. 210, 2019, pp. 685-695.

Gautam, L., P. Kalla, J. K. Jain, R. Choudhary, and A. Jain. Robustness
of self-compacting concrete incorporating bone china ceramic
waste powder along with granite cutting waste for sustainable
development. Journal of Cleaner Production, Vol. 367, 2022,

id. 132969.

Fang, B., Z. Hu, T. Shi, Y. Liu, X. Wang, D. Yang, et al. Research
progress on the properties and applications of magnesium
phosphate cement. Ceramics International, Vol. 49, 2022,

pp. 4001-4016.

Rahmawati, C., S. Aprilia, T. Saidi, T. B. Aulia, and A. E. Hadi. The
effects of nanosilica on mechanical properties and fracture tough-
ness of geopolymer cement. Polymers (Basel), Vol. 13, 2021, id. 2178.

2]

3]

(4]

03]

(1]

(7

(8]

(9l

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Sustainable concrete = 21

Qaidi, S., H. M. Najm, S. M. Abed, Y. 0. Ozkilic, H. Al Dughaishi, M.
Alosta, et al. Concrete containing waste glass as an environmen-
tally friendly aggregate: a review on fresh and mechanical char-
acteristics. Materials (Basel), Vol. 15, 2022, id. 6222.

Qureshi, H. J., J. Ahmad, A. Majdi, M. U. Saleem, A. F. Al Fuhaid, and
M. Arifuzzaman. A study on sustainable concrete with partial sub-
stitution of cement with red mud: A review. Materials (Basel), Vol. 15,
2022, id. 7761.

Ahmad, J., K. J. Kontoleon, A. Majdi, M. T. Nagash, A. F. Deifalla, N.
Ben Kahla, et al. A comprehensive review on the ground granu-
lated blast furnace slag (GGBS) in concrete production.
Sustainability, Vol. 14, 2022, id. 8783.

Parthiban, K. and K. S. R. Mohan. Influence of recycled concrete
aggregates on the engineering and durability properties of alkali
activated slag concrete. Construction and Building Materials, Vol. 133,
2017, pp. 65-72.

Rahmawati, C., S. Aprilia, T. Saidi, and T. B. Aulia. Current devel-
opment of geopolymer cement with nanosilica and cellulose
nanocrystals. In: Journal of Physics Conference Series, Medan,
Indonesia, 2021, pp. 1-8.

Abdelgader, H., R. Fediuk, M. Kurpinska, J. Elkhatib, G. Murali, A. V.
Baranov, et al. Mechanical properties of two-stage concrete mod-
ified by silica fume. Magazine Civil Engineering [Engineering and
Construction Magazine (Inzhenerno-Stroitelnyy Zhurnal)], Vol. 89,
2019, pp. 26-38.

Lesovik, V., A. Volodchenko, R. Fediuk, Y. H. M. Amran, and R.
Timokhin. Enhancing performances of clay masonry materials
based on nanosize mine waste. Construction and Building Materials,
Vol. 269, 2021, id. 121333.

Ahmad, J., A. Majdi, A. Babeker Elhag, A. F. Deifalla, M. Soomro, H.
F. Isleem, et al. A step towards sustainable concrete with
substitution of plastic waste in concrete: Overview on mechanical,
durability and microstructure analysis. Crystals, Vol. 12, 2022,

id. 944.

Hilal, N., T. A. Tawfik, H. H. Edan, and N. Hamah Sor. The
mechanical and durability behaviour of sustainable self-com-
pacting concrete partially contained waste plastic as fine aggre-
gate. Australian Journal of Civil Engineering, 2022, pp. 1-16.

Fava, G., T. R. Naik, and G. Moriconi. Compressive strength and
leaching behavior of mortars using cement and wood ash. In:
Proceedings of the Third International Conference on Sustainable
Construction Materials and Technologies, 2011.

Jiang, Y., T.-C. Ling, K. H. Mo, and C. Shi. A critical review of waste
glass powder - Multiple roles of utilization in cement-based
materials and construction products. journal of Environmental
Management, Vol. 242, 2019, pp. 440-449.

Habert, G. Assessing the environmental impact of conventional and
‘green’ cement production. In: Eco-Efficient Construction Building
Materials, Elsevier, 2014, pp. 199-238.

Luhar, S., T.-W. Cheng, D. Nicolaides, I. Luhar, D. Panias, and K.
Sakkas. Valorisation of glass wastes for the development of geo-
polymer composites - Durability, thermal and microstructural
properties: A review. Construction and Building Materials, Vol. 222,
2019, pp. 673-687.

Corinaldesi, V., G. Moriconi, and T. R. Naik. Characterization of
marble powder for its use in mortar and concrete. Construction and
Building Materials, Vol. 24, 2010, pp. 113-117.

Okeke, K. L. and A. A. Adedeji. A review on the properties of con-
crete incorporated with waste glass as a substitute for cement.
Epistem Science Engineering Technology, Vol. 5, 2016, pp. 396-407.



22

[27]

[28]

[29]

[30]

(31

32]

[33]

[34]

[35]

[36]

(37

[38]

[39]

[40]

[41]

[42]

[43]

= Jawad Ahmad et al.

Ling, T.-C. and C.-S. Poon. Effects of particle size of treated CRT
funnel glass on properties of cement mortar. Materials and
Structures, Vol. 46, 2013, pp. 25-34.

Hajimohammadi, A., T. Ngo, and A. Kashani. Sustainable one-part
geopolymer foams with glass fines versus sand as aggregates.
Construction and Building Materials, Vol. 171, 2018, pp. 223-231.
Jalal, M., M. Fathi, and M. Farzad. Effects of fly ash and TiO,
nanoparticles on rheological, mechanical, microstructural and
thermal properties of high strength self compacting concrete.
Mechanical Materials, Vol. 61, 2013, pp. 11-27.

Lee, H., A. Hanif, M. Usman, J. Sim, and H. Oh. Performance eva-
luation of concrete incorporating glass powder and glass sludge
wastes as supplementary cementing material. Journal of Cleaner
Production, Vol. 170, 2018, pp. 683-693.

Anderson, D. J., S. T. Smith, and F. T. K. Au. Mechanical properties of
concrete utilising waste ceramic as coarse aggregate. Construction
and Building Materials, Vol. 117, 2016, pp. 20-28.

Ahmad, J., A. Majdi, A. F. Deifalla, H. F. Isleem, and C. Rahmawati.
Concrete made with partially substitutions of copper slag (CPS):
State of the art review. Materials (Basel), Vol. 15, 2022, id. 5196.
Arbili, M. M., M. Alqurashi, A. Majdi, J. Ahmad, and A. F. Deifalla.
Concrete made with iron ore tailings as a fine aggregate: A step
towards sustainable concrete. Materials (Basel), Vol. 15, 2022,

id. 6236.

Gautam, L., J. K. Jain, A. Jain, and P. Kalla. Recycling of bone china
ceramic waste as cement replacement to produce sustainable self-
compacting concrete. In: Structures, Elsevier, 2022, pp. 364-378.
Atkuri, V. K. and G. V. R. Rao, Strength properties of ceramic waste
concrete, In: IOP Conference Series Materials Science and Engineering,
IOP Publishing. 2021, p. 12017.

Singh, A. and V. Srivastava. Ceramic waste in concrete — A review.
Recent Advances on Engineering, Technology and Computational
Sciences (RAETCS), 2018, pp. 1-6.

El-Dieb, A. S., M. R. Taha, and S. 1. Abu-Eishah. The use of ceramic
waste powder (CWP) in making eco-friendly concretes. Ceramic
Materials: Synthesis, Characterization, Applications and Recycling,
2019, pp. 1-35.

Silva, J., ). de Brito, and R. Veiga. Fine ceramics replacing cement in
mortars Partial replacement of cement with fine ceramics in ren-
dering mortars. Materials and Structures, Vol. 41, 2008,

pp. 1333-1344.

Frias, M., O. Rodriguez, 1. Vegas, and R. Vigil. Properties of calcined
clay waste and its influence on blended cement behavior. Journal of
the American Ceramic Society, Vol. 91, 2008, pp. 1226-1230.
Jiménez, J. R, J. Ayuso, M. Lépez, |. M. Fernandez, and . De Brito.
Use of fine recycled aggregates from ceramic waste in masonry
mortar manufacturing. Construction and Building Materials, Vol. 40,
2013, pp. 679-690.

Higashiyama, H., K. Yamauchi, M. Sappakittipakorn, M. Sano, and
0. Takahashi. A visual investigation on chloride ingress into
ceramic waste aggregate mortars having different water to
cement ratios. Construction and Building Materials, Vol. 40, 2013,
pp. 1021-1028.

Medina, C., M. L. S. De Rojas, and M. Frias. Reuse of sanitary
ceramic wastes as coarse aggregate in eco-efficient concretes.
Cement Concrete Composites, Vol. 34, 2012, pp. 48-54.

Heidari, A. and D. Tavakoli. A study of the mechanical properties of
ground ceramic powder concrete incorporating nano-SiO, parti-
cles. Construction and Building Materials, Vol. 38, 2013, pp. 255-264.

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51

[52]

[53]

[54]

[53]

[56]

[57]

[58]

[59]

DE GRUYTER

Shahidan, S., B. A. Tayeh, A. A. Jamaludin, N. Bahari, S. S. Mohd, N.
Z. Ali, et al. Physical and mechanical properties of self-compacting
concrete containing superplasticizer and metakaolin. In: JOP
Conference Series: Materials Science and Engineering, IOP Publishing,
2017, p. 12004.

Ch, H. K., K. Ananda Ramakrishna, K. Sateesh Babu, T. Guravaiah, N.
Naveen, and J. Sk. Effect of waste ceramic tiles in partial replace-
ment of coarse and fine aggregate of concrete. International
Advanced Research Journal of Science, Engineering and Technology,
Vol. 2, 2015, pp. 13-16.

Tavakoli, D., A. Heidari, and M. Karimian. Properties of concretes
produced with waste ceramic tile aggregate. Asian journal of Civil
Engineering, Vol. 14, 2013, pp. 369-382.

Ikponmwosa, E. E. and S. O. Ehikhuenmen. The effect of ceramic
waste as coarse aggregate on strength properties of concrete.
Nigerian Journal of Technology, Vol. 36, 2017, pp. 691-696.

Raj, P. and M. S. Alam. Experimental analysis on properties of
concrete with partial replacement of cement with stone dust.
International Journal of Engineering Research and
ApplicationInternational Journal of Engineering Research and
Application, Vol. 7, 2017, pp. 14-18.

Senthamarai, R. M. and P. D. Manoharan. Concrete with ceramic waste
aggregate. Cement Concrete Composites, Vol. 27, 2005, pp. 910-913.
Samadi, M., M. H. Baghban, Z. Kubba, L. Faridmehr, N. H. Abdul
Shukor Lim, O. Benjeddou, et al. Flexural behavior of reinforced
concrete beams under instantaneous loading: Effects of recycled
ceramic as cement and aggregates replacement. Buildings, Vol. 12,
2022, id. 439.

Hasan, H. W. Experimental investigation of tensile and flexural
strength of ceramic waste concrete. Pakistan Journal of Science,
Vol. 66, 2014, pp. 67-73.

AlArab, A, B. Hamad, and J. J. Assaad. Strength and durability of
concrete containing ceramic waste powder and blast furnace slag.
Journal of Materials in Civil Engineering, Vol. 34, 2022, id. 4021392.
Olawale, S. O. A. and M. A. Tijani. Mechanical properties of concrete
produced from partial replacement with ceramic tile wastes. USEP
Journal of Research Information in Civil Engineering, Vol. 15, 2018,
pp. 2245-2255.

Ali, A. H., A. A. Al-Attar, and Z. E. Kasm. Effect of solid ceramic waste
powder in partial replacement of cement on mechanical properties
and sorptivity of cement mortar. International Journal of Civil
Engineering Technology, Vol. 10, 2019, pp. 3055-3066.

Siddique, S., S. Shrivastava, and S. Chaudhary. Influence of ceramic
waste on the fresh properties and compressive strength of con-
crete. European Journal of Environmental and Civil Engineering, Vol.
23, 2019, pp. 212-225.

Gautam, L., ]. K. Jain, A. Jain, and P. Kalla. Valorization of bone-china
ceramic powder waste along with granite waste in self-compacting
concrete. Construction and Building Materials, Vol. 315, 2022,

id. 125730.

Wahab, M. M. A,, E. F. Sadek, and E. H. Wadie. Mechanical prop-
erties of concrete incorporating ceramic waste aggregates, Vol. 1,
2012, pp. 10-13.

Daniel, R. J. and S. P. Sangeetha. Experimental study on concrete
using waste ceramic as partial replacement of aggregate. Materials
Today Proceedings, Vol. 45, 2021, pp. 6603-6608.

Jackiewicz-Rek, W., K. Zategowski, A. Garbacz, and B. Bissonnette.
Properties of cement mortars modified with ceramic waste fillers.
Procedia Engineering, Vol. 108, 2015, pp. 681-687.



DE GRUYTER

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

71

[72]

[731

[74]

[75]

[76]

Amin, M., A. M. Zeyad, B. A. Tayeh, and 1. S. Agwa. Engineering
properties of self-cured normal and high strength concrete pro-
duced using polyethylene glycol and porous ceramic waste as
coarse aggregate. Construction and Building Materials, Vol. 299,
2021, id. 124243.

Marczewska, J. and W. Piasta. The impact of air content on the
durability of concrete under combined sulphate and freezethaw
attack. In: MATEC Web of Conferences, EDP Sciences, 2018, p. 5002.
Ben Nakhi, A. and J. M. Alhumoud. Effects of recycled aggregate on
concrete mix and exposure to chloride. Advances in Materials
Science and Engineering, Vol. 2019, 2019.

Zegardto, B., M. Szelag, and P. Ogrodnik. Ultra-high strength con-
crete made with recycled aggregate from sanitary ceramic
wastes-The method of production and the interfacial transition
zone. Construction and Building Materials, Vol. 122, 2016, pp. 736-742.
Elgi, H. Utilisation of crushed floor and wall tile wastes as aggregate
in concrete production. Journal of Cleaner Production, Vol. 112, 2016,
pp. 742-752.

Lesovik, V. S., R. V. Lesovik, and W. S. A. Ali. Effect of recycled course
aggregate from concrete debris on the strength of concrete. In:
Journal of Physics: Conference Series, IOP Publishing, 2021, p. 12002.
Guendouz, M., D. Boukhelkhal, A. Bourdot, O. Babachikh, and A.
Hamadouche. The effect of ceramic wastes on physical and
mechanical properties of eco-friendly flowable sand concrete.
Advanced Ceramic Materials, 2020.

Hilal, N. N., A. S. Mohammed, and T. K. M. Ali. Properties of eco-
friendly concrete contained limestone and ceramic tiles waste
exposed to high temperature. Arabian journal of Science
Engineering, Vol. 45, 2020, pp. 4387-4404.

Patel, H., N. K. Arora, and S. R. Vaniya. Use of ceramic waste powder
in cement concrete. International Journal for Innovative Research in
Science & Technology, Vol. 2, 2015, pp. 91-97.

Silva, J., J. De Brito, and R. Veiga. Recycled red-clay ceramic con-
struction and demolition waste for mortars production. journal of
Material Civil Engineering, Vol. 22, 2010, pp. 236-244.

Guerra, L, L. Vivar, B. Llamas, A. Juan, and J. Moran. Eco-efficient
concretes: The effects of using recycled ceramic material from
sanitary installations on the mechanical properties of concrete.
Waste Management (New York, N.Y.), Vol. 29, 2009, pp. 643-646.
Devadas Manoharan, P. and R. M. Senthamarai. Concrete using
ceramic insulator scrap as aggregate [CERACRETE]. In: Proceedings
of the 6th International Conference on Concrete Technology for
Developing Countries, Amman, Jordan, 2002.

Torkittikul, P. and A. Chaipanich. Utilization of ceramic waste as fine
aggregate within Portland cement and fly ash concretes. Cement
Concreter Composites, Vol. 32, 2010, pp. 440-449.

Siddique, S., S. Chaudhary, S. Shrivastava, and T. Gupta.
Sustainable utilisation of ceramic waste in concrete: Exposure to
adverse conditions. Journal of Cleaner Production, Vol. 210, 2019,
pp. 246-255.

Kumar, V. P. and K. C. Reddy. Durability aspects of concrete by
partial replacement of cement by ceramic waste. International
Journal of Civil Engineering Technology, Vol. 8, 2017, pp. 22-30.
Bommisetty, J., T. S. Keertan, A. Ravitheja, and K. Mahendra. Effect
of waste ceramic tiles as a partial replacement of aggregates in
concrete. Materials Today Proceedings, Vol. 19, 2019, pp. 875-877.
Awoyera, P. 0., ). M. Ndambuki, J. O. Akinmusuru, and D. O. Omole.
Characterization of ceramic waste aggregate concrete. HBRC
Journal, Vol. 14, 2018, pp. 282-287.

77

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91

[92]

[93]

Sustainable concrete == 23

Medina, C., M. Frias, and M. L. S. De Rojas. Microstructure and
properties of recycled concretes using ceramic sanitary ware
industry waste as coarse aggregate. Construction and Building
Materials, Vol. 31, 2012, pp. 112-118.

Ariffin, M. A., M. W. Hussin, M. Samadi, N. H. A. S. Lim, J. Mirza,
D. Awalluddin, et al. Effect of ceramic aggregate on high strength
multi blended ash geopolymer mortar. Journal of Teknology, Vol. 77,
2015, pp. 33-36.

Bai, B., F. Bai, Q. Nie, and X. Jia. A high-strength red mud-fly ash
geopolymer and the implications of curing temperature. Powder
Technology, Vol. 416, 2023, id. 118242.

Halicka, A., P. Ogrodnik, and B. Zegardlo. Using ceramic sanitary
ware waste as concrete aggregate. Construction and Building
Materials, Vol. 48, 2013, pp. 295-305.

Mukai, T. and M. Kikuchi. Studies on utilization of recycled concrete for
structural members (Part 1, Part 2). In: Summaries of Technical Papers of
Annual Meeting, Architectural Institute of Japan, 1978, pp. 85-86.
Arezoumandi, M., A. Smith, J. S. Volz, and K. H. Khayat. An experi-
mental study on flexural strength of reinforced concrete beams
with 100% recycled concrete aggregate. Engineering Structures,
Vol. 88, 2015, pp. 154-162.

Corinaldesi, V. and G. Moriconi. Behaviour of cementitious mortars
containing different kinds of recycled aggregate. Construction and
Building Materials, Vol. 23, 2009, pp. 289-294.

Kuan, P., Q. Hongxia, and C. Kefan. Reliability analysis of free-
ze-thaw damage of recycled ceramic powder concrete. journal of
Materials in Civil Engineering., Vol. 32, 2020, id. 5020008.

Grondin, F., M. Guo, E. Roziére, and A. Loukili. Failure risk of
recycled aggregates concrete. In: MATEC Web of Conferences, EDP
Sciences, 2019, p. 1017.

Moghadam, M. A. and R. A. Izadifard. Effects of steel and glass
fibers on mechanical and durability properties of concrete exposed
to high temperatures. Fire Safety Journal, Vol. 113, 2020, id. 102978.
Shi, T, Y. Liu, Z. Hu, M. Cen, C. Zeng, J. Xu, et al. Deformation
performance and fracture toughness of carbon nanofiber modified
cement-based materials. ACI Materials Journal, Vol. 119, 2022,

pp. 119-128.

Song, P. S., S. Hwang, and B. C. Sheu. Strength properties of nylon-
and polypropylene-fiber-reinforced concretes. Cement and Concrete
Research, Vol. 35, 2005, pp. 1546-1550.

Rocco, C. G. and M. Elices. Effect of aggregate shape on the
mechanical properties of a simple concrete. Engineering Fracture
Mechanics, Vol. 76, 2009, pp. 286-298.

Sales, A. T. C., R. dos, and S. Alferes Filho. The effect of ceramic
waste powder as active addition for concrete. Ambient Construido,
Vol. 14, 2014, pp. 113-125.

Gonzalez-Corominas, A. and M. Etxeberria. Properties of high
performance concrete made with recycled fine ceramic and coarse
mixed aggregates. Construction and Building Materials, Vol. 68, 2014,
pp. 618-626.

Muda, Z. C., G. Malik, F. Usman, S. Beddu, M. A. Alam, K. N.
Mustapha, et al. Impact resistance of sustainable construction
material using light weight oil palm shells reinforced geogrid
concrete slab. In: IOP Conference Series: Earth and Environmental
Science, IOP Publishing, 2013, p. 12062.

Huseien, G. F., Z. Kubba, A. M. Mhaya, N. H. Malik, and J. Mirza.
Impact resistance enhancement of sustainable geopolymer com-
posites using high volume tile ceramic wastes. Journal of Composites
Science, Vol. 7, 2023, id. 73.



24 —— Jawad Ahmad et al. DE GRUYTER

[94] Netinger, L, I. Kesegic, and I. Guljas. The effect of high tempera- ~ [96] Kodur, V. Properties of concrete at elevated temperatures. ISRN

tures on the mechanical properties of concrete made with different Civil Engineering, Vol. 2014, 2014, 1-15.

types of aggregates. Fire Safety Journal, Vol. 46, 2011, pp. 425-430.  [97] Gautam, L., J. K. Jain, P. Kalla, and S. Choudhary. A review on
[95] Jankovic, K. Using recycled brick as concrete aggregate. In: the utilization of ceramic waste in sustainable construction

Proceedings, 5th Triennial Intenational Conference on Challenges products. Materials Today: Proceedings, Vol. 43, 2021,

Concrete. Construction, 2002, pp. 231-240. pp. 1884-1891.



	1 Introduction
	2 Physical and chemical properties
	3 Fresh concrete
	3.1 Bleeding
	3.2 Workability
	3.3 Air content
	3.4 Fresh density

	4 Strength properties
	4.1 Compressive strength (CS)
	4.2 Tensile strength (TS)
	4.3 Flexural strength (FS)
	4.4 Adhesive strength
	4.5 Failure pattern
	4.6 Load deflection
	4.7 Crack pattern
	4.8 Elastic modulus
	4.9 Impact resistance

	5 Performance at high temperatures
	5.1 Visual observation
	5.2 Strength loss
	5.3 SEM

	6 Cost benefits
	7 Conclusions
	8 Recommendations
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


