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containing demolished concrete
and tile waste powders

Abdullah Alzlfawi', Wael Alattyih?, M. Tayyab Naqash**“ & Jawad Ahmad*

This study investigates the combined use of concrete demolished waste powder (CDWP) and tile waste
powder (TWP) as partial replacements for cement (0 to 15%) and fine aggregate (0 to 30%) in concrete.
The concrete fresh properties, hardened properties and microstructural analysis were evaluated.
Results show that CDWP and TWP reduce workability due to their rough and angular nature. The
optimum replacement levels (5% CDWP and 10% TWP) improve fresh density and enhance mechanical
strength through pozzolanic activity and improved interfacial transition zone (ITZ). However, higher
replacement levels adversely affect workability and microstructure which leads to reduced strength.

A strong correlations were observed between fresh properties and hardened properties. Furthermore,
the SEM analysis confirms that improved microstructure is observed at lower replacement levels (5%
CDWP and 10% TWP) and weak microstructure at higher levels.

Keywords Concrete demolished waste, Tile waste, Sustainability, Recycled aggregates, SEM, FTIR,
Mechanical strength

The rapid industrialization, urban expansion, and population growth have led to a sharp rise in waste generation
and present serious environmental hazards'. Also, the concrete industry is a major contributor to carbon dioxide
emissions and negative impacts on the environment?. Recycling waste materials in the concrete industry has
gained significant importance due to the environmental pollution caused by increasing waste generation.
The consumption of natural resources and the management of solid waste present significant challenges®. To
promote sustainability, researchers are exploring the use of various waste materials in concrete. The use of waste
materials conserves natural resources and decreases carbon dioxide emissions®. A study® also highlighted that
the utilization of waste materials in concrete is essential for promoting sustainability and reducing the cost of
concrete. Globally, construction and demolition waste (C&D) is estimated at around 2 to 3 billion tons per year.
Also, C&D accounts for 25 to 30% of total waste generation. The C&D waste is further increasing at the rate of 3
to 5% annually due to the rapid urbanization, infrastructure expansion, and population growth’. Furthermore,
the study® also indicates that the use of ceramic materials such as tiles, sanitary fittings, and electrical insulators
has been steadily increasing in modern construction. However, a significant amount of these ceramics becomes
waste during manufacturing, transportation, and installation because of their brittle characteristics. In line with
this, a study” highlights that the growing demand for concrete in infrastructure development is placing significant
pressure on natural resource reserves. Therefore, incorporating ceramic waste into concrete production presents
a promising approach to both environmental conservation and concrete properties.

Incorporating fine ceramic aggregates up to 20% enhances the compressive and flexural strengths of mortars.
However, the strengths tend to decline as the proportion of ceramic aggregates continues to further increase
(more than 20%)°. The findings indicate that the strength of concrete decreases with an increasing proportion of
waste ceramic tile aggregates. However, up to 10% of tile aggregate appears feasible, as the reduction in strength
remains relatively minor!!. The optimal replacement of ceramic waste aggregate was 20%. The concrete made with
20% ceramic waste aggregate shows superior strength properties compared to other mixtures'2. Furthermore,
results indicated that concrete mixtures containing 50% CTW as a replacement for brick aggregates showed an
approximately 16.7% increase in mechanical strength!®. A study'* concluded that sand can be replaced with up
to 5% waste tiles and coarse aggregates can be substituted with up to 25% waste tiles. Also, study'® noted that the
concrete mix made with 15% ceramic tile waste as a replacement for fine aggregate achieved optimal strength.
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However, the study!® indicates that fine ceramic aggregates led to an improvement in concrete strength, but
the improvement in concrete strength was small. A review!” also concluded that numerous researchers have
found that concrete exhibits low compressive strength during its early stages of curing. A study® also highlights
that the reduction in density and strength is attributed to ceramic waste having a lower weight and higher
porosity compared to conventional coarse aggregate. Furthermore, the study'!' concluded that both compressive
and split tensile strengths gradually declined as the proportion of tile aggregate in the mix increased. The
reduction in strength is due to weak bonding at the interface between the cement paste and the tile aggregates.

The bonding can be improved by using supplementary cementitious materials (SCMs) such as fly ash'®,
silica fume?, waste glass®!, waste marble?? and steel slag?®. The SCMs improve bonding by reacting chemically
with calcium hydroxide (CH) released during cement hydration. The pozzolanic reaction produces additional
calcium silicate hydrate (CSH) gel. The CSH gel densifies the bond between the cement paste and aggregates. A
denser ITZ reduces porosity and microcracks, enhancing adhesion and mechanical interlocking. The concrete
microstructure becomes stronger, which leads to improved compressive and tensile strengths. Therefore, the
performance of concrete made with ceramic waste can be improved with the addition of pozzolanic materials.

Similarly, concrete demolished waste powder (CDWP) can also act as a supplementary cementitious
material. The CDWP contains unhydrated cement particles and exhibits pozzolanic activity, which contributes
to additional CSH formation and densification of the cement mix. Thereore, the literature highlights CDWP
potential as a sustainable SCM for improving the performance of concrete. In line with this, a study confirmed
that both processing waste and demolition waste exhibited pozzolanic activity?®. The concrete mix made with
20% CDWP is lighter and exhibits improved workability. Also, it achieves a strength of 14 MPa (28 days), which
is 1 MPa below the required characteristic strength?. A study also indicates that replacing recycled powder up to
30% has either a positive impact or only a slight adverse effect on the mechanical properties of recycled powder
concrete®®. The findings also indicate that concrete demolished waste fines can be used in large amounts within
ternary blends to refine pore structure, lower water absorption, and preserve mechanical strength in the 40 MPa
class concrete?’.

Research significance

The previous research has mostly focused on the individual use of COWP and TWP. However, limited attention
given to their combined application in concrete. The combined use of COWP and TWP in concrete has not been
extensively explored. In this study, concrete waste demolished waste powder (CDWP) was used as a pozzolanic
material. The replacement percentages of COWP vary from 0 to 15% and 0 to 30% for TWP. Fresh properties
were evaluated through slump flow and fresh density while the hardened properties were evaluated through
compressive and tensile strength. Also, the correlations between fresh and hardened properties were developed,
and microstructural analysis was performed using scanning electron microscopy (SEM). The findings of
this study demonstrate that ceramic waste materials combined with CDWP can be effectively used as partial
replacements for cement and aggregates in concrete production. The approach not only promotes sustainable
construction by reducing landfill waste and conserving natural resources but also improves the mechanical
properties of concrete.

Materials

Cement

Ordinary Portland Cement (OPC) with normal setting times was used as the binder throughout the study. The
cement type and properties were kept constant in all mixtures to ensure consistency and reliable comparison of
results.

Aggregates

Natural river sand, locally available and commonly used in practical construction, was employed as the fine
aggregate. Furthermore, normal weight crushed coarse aggregate with a maximum size of 19.5 mm was used as
coarse aggregate. Both fine and coarse aggregates were used in a saturated surface dry (SSD) condition to ensure
consistent moisture content, which helps maintain accurate water-to-cement ratios and improves the reliability
of the concrete mix design.

Concrete demolished waste powder

Concrete demolished waste was collected, then crushed and ground in the laboratory to produce a fine powder
with particle sizes below 75 microns (passing sieve #200), comparable to the typical particle size of cement.
Figure 1 shows the concrete demolished waste and the ground powder. The fine particle size enhances the
powder reactivity by increasing its surface area which promotes pozzolanic reactions within the cementitious
matrix. Therefore, the powder is suitable for use as a partial replacement of cement in concrete mixtures.

The chemical composition of the demolished concrete waste powder was determined using X-ray
fluorescence (XRF) spectroscopy. The measurements were performed with an EDX-7000 spectrometer under
an air atmosphere, employing a 10 mm collimator diameter. Samples were prepared in polypropylene cups,
and data acquisition was conducted in live mode for 60 s. The instrument utilized a Rhodium (Rh) target X-ray
tube, operating at 50 kV and a current of 31 pA. The XRF spectrum of demolished concrete waste powder is
presented in Fig. 2. The XRF spectrum of the powdered demolished concrete waste reveals a complex elemental
composition characteristic of typical cementitious materials.

Furthermore, the quantitative elemental and oxide composition of CDWP is presented in Table 1. The
findings reveal that CDWP is a promising material for partial cement replacement in concrete production. The
major oxides present in CDWP are silicon dioxide (SiO,) and calcium oxide (CaO) which are 53.669% and
35.668%, respectively. Silicon dioxide plays a crucial role in pozzolanic activity by reacting with CH to form

Scientific Reports |

(2026) 16:787 | https://doi.org/10.1038/s41598-025-30348-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 1. Concrete demolished waste: (a) waste and (b) powder.
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Fig. 2. XRF spectrum of demolished concrete waste powder.

additional CSH gel. The CSH gel contributes to improving the binding properties and enhances the strength and
durability of concrete. Furthermore, calcium oxide contributes hydraulic properties that are essential for cement
hydration and subsequent strength development. Additionally, element analysis indicates minor amounts of
aluminum (4.115%) and iron (8.286%) are present, which contribute to the formation of calcium aluminate
and ferrite phases. The calcium aluminate and ferrite can influence the setting time and early strength gain of
the cementitious matrix. Other oxides, such as titanium dioxide (TiO,), potassium oxide (K,0), and sulfur
trioxide (SO,), are present in small amounts and do not significantly affect the microstructure and durability of
the cementitious matrix. The sum of silicon dioxide (SiO,), calcium oxide (CaO), and iron oxide (Fe,O,) in the
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Ca 45.675% | SiO, | 53.669%
Si 36.573% | CaO | 35.668%
Fe 8.286% | Fe,0, | 5.712%
Al 4115% | SO, | 2.270%
K 1.879% | K,0 | 1338%
S 1.493% | TiO, | 0.635%
Ti 0.769% | Bi,O, | 0.167%
Bi 0.322% | MnO | 0.155%
Mn 0.244% | NbO | 0.118%
Nb 0.221% | Cr,0, | 0.075%
St 0.129% | SrO | 0.070%
Cr 0.105% | CuO | 0.034%
Cu 0.056% | ZrO, | 0.032%
Zr 0.050% | V,0, | 0.027%
v 0.025% | Rb,O | 0.013%
Rb 0.025% | ZnO | 0.009%
Zn 0.017% | NiO | 0.008%
Ni 0.014%

Table 1. Element and oxide composition.

Fig. 3. Tile waste: (a) waste and (b) powder.

concrete demolished waste powder (CDWP) exceeds 70%. Therefore, it can be considered a pozzolanic material
and can be used as a partial cement replacement in concrete.

Tile waste

Tile waste was collected from a construction demolition site and grinding to reduce the particle size to less than
4.75 mm (pass through a sieve #4), comparable to the particle size of natural sand. Figure 3 illustrates the original
tile waste and the fine tile powder. The use of recycled tile waste not only promotes sustainable construction
practices by reducing landfill disposal but also offers potential benefits in improving concrete properties.

The scanning electron microscopy (SEM) results indicate that the tile waste particles exhibit a rough surface
texture with irregular and angular shapes (Fig. 4). The rough and angular surfaces are beneficial as they enhance
particle interlocking and provide additional friction, which improves the bond strength between the tile particles
and the cement matrix. Therefore, the stronger bond can contribute to the concrete strength. However, the
irregular shape of the tile particles negatively affects the workability of the mix due to increasing internal friction
among the particles. Furthermore, the particle size distribution observed through SEM confirms the presence
of a range of fine to coarse particles. The variation in particle sizes allows better packing density and reduces
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Fig. 4. SEM of tile waste at different magnifications.

the voids within the concrete mix. Therefore, the reduced voids lead to enhanced durability and mechanical
properties when tile waste is used as a partial replacement for fine aggregate in concrete.

Testing procedure

The flowability of concrete with varying percentages of concrete demolished waste powder (CDWP) and tile waste
powder was evaluated through the slump cone test as per ASTM C143/C143M standard?. The test measured the
workability of fresh concrete mixes by determining the slump value, which indicates the consistency and ease
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of placement of concrete. The compressive strength of the concrete mixes containing different proportions of
CDWP and tile waste powder was assessed using cylindrical specimens with dimensions of 150 mm diameter
by 300 mm height. The sample was prepared and tested as per ASTM C39/C39M standards?. The compressive
strength test was conducted at both 7 and 28 days of curing. Similarly, the tensile strength of the concrete was
determined through the splitting tensile strength test as per ASTM C496/C496M standard procedures®’. The
cylindrical specimens of size 150 mm in diameter and 300 mm in height were casted for the splitting tensile
strength test. The splitting tensile strength test was conducted at both 7 and 28 days of curing. The microstructural
characteristics of concrete incorporating varying percentages of CDWP and TWP were examined using SEM.
SEM analysis was performed to investigate the internal structure and bonding behavior within the concrete
matrix influenced by the COWP and TWP. The specimens for SEM were collected from the central portion of
broken samples obtained after strength testing to ensure representative microstructural features of the fractured
surface. Furthermore, before the imaging, the samples were carefully polished to produce a smooth surface,
enhancing visibility and contrast of the microstructural details.

Mix design, sample Preparation and casting

In this study, the cement was partially replaced with concrete demolished waste powder (CDWP) in varying
percentages from 0%, 5%, 10% and 15%. Furthermore, the sand was partially replaced with tile waste powder
(TWP) in varying percentages from 0%, 10%, 20% and 30%. The concrete mix design was carried out using the
nominal mix proportion of 1:1.5:3. The water-to-cementitious material ratio (w/cm) was maintained constant at
0.60 for all mixes to ensure comparable hydration conditions. The details quantification of materials is presented
in Table 2. Concrete specimens incorporating varying percentages of CDWP and TWP were prepared with
standard casting procedures to ensure uniformity. Before the mixing process started, all raw materials, including
cement, sand, coarse aggregates, COWP, and TWP were accurately weighed according to the designed mix
proportions (Table 2).

The dry materials were thoroughly mixed in a mixer to achieve a homogeneous blend. Subsequently, the
required amount of water was gradually added while mixing continued to form a consistent concrete mix,
typically ranging from 8 to 10 min. The mixer stops once a uniform mix is achieved. Immediately after the
mixing process stopped, the fresh concrete was transferred to a slump cone to evaluate its flowability and then
filled the steel cylindrical molds measuring 150 mm in diameter and 300 mm in height for compressive and
splitting tensile strength tests. The molds were filled in three equal layers, with each layer compacted by 25
blows of a standard tamping rod to eliminate entrapped air and ensure proper consolidation. After filling the
molds, the top surface of each specimen was leveled and finished with a trowel. After 24 h, the specimens were
demolded carefully and submerged in a water tank maintained at room temperature (25 to 30 °C) for curing
until the specified testing ages of 7 and 28 days.

Results and discussions

Fresh concrete

Slump flow

Figure 5 shows the slump flow of concrete with varying proportions of cement replaced by concrete demolished
waste powder (CDWP) and sand replaced by tile waste powder (TWP). The findings indicate that the control
mix (COTO0) showed the highest slump value of 83 mm, indicating superior workability as compared to the other
mixes made with COWP and TWP. However, the slump value decreased with the substitution of CDWP and
TWP. The mix made with 5% CDWP and 10% TWP replacement (C5T10) showed a slump of 78 mm, and the
mix made with 10% CDWP and 20% TWP (C10T20) showed 63 mm. The mix with the highest replacement
levels of 15% CDWP and 30% TWP (C15T30) exhibited the lowest slump value of 45 mm. Therefore, the
results suggest that increasing the substitution of cement and fine aggregate with COWP and TWP, respectively,
adversely affects the concrete’s workability. The decrease in slump is primarily due to the physical characteristics
of the CDWP and TWP particles, which possess a rough surface texture and angular shape compared to the
smoother, more rounded natural aggregates and cement particles. The rough surface texture and angular shape
lead to an increase in internal friction and inter-particle resistance within the concrete mix, which results in
lower flowability. A study'® also indicates that ceramic materials with greater porosity tend to absorb more water.
Therefore, less free water is available for flowability. A similar study®! noted that the angular texture and rougher
surface of ceramic waste particles increase internal friction within the concrete mixture, reducing fluidity and
making the mix harder to handle. Additionally, the higher water absorption by ceramic particles decreases the

Mix ID CO0TO | C5T10 | C10T20 | C15T30
Cement (%) 100 95 90 85
CDWP (%) 0 5 10 15

sand (%) 100 100 100 100

Tile waste (%) 0 10 20 30
Coarse aggregate (%) | 100 100 100 100

w/b 0.60 | 0.60 0.60 0.60

Table 2. Mix design with varying CDWP and TWP percentages. Note: 1. w/b stands for water to binder ratio
2. C stands for concrete demolished waste powder (CDWP). 3. T stands for tile waste powder.
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Fig. 5. Slump flow of concrete with varying CDWP and TWP percentages.

amount of free water in the mix, which is essential for preserving workability. Therefore, as the replacement
levels of waste increase, the concrete mixture becomes stiffer and less workable. Although the use of plasticizers
is reccommended in practice to improve flowability at higher replacement levels. However, no admixtures were
used in this study which highlights the limitation and need for future research to investigate the effectiveness of
plasticizers in such mixes.

Fresh density
Figure 6 shows the fresh density of concrete mixes made with partial replacements of cement by CDWP and
sand by TWP at various proportions. The findings indicate that the control mix (C0T0) exhibited a fresh density
of 2275 kg/m”® and the mix made with 5% CDWP and 10% TWP (C5T10) shows a fresh density of 2295 kg/m”.
However, further increases in the replacement levels to 10% CDWP with 20% TWP (C10T20) and 15%
CDWP with 30% TWP (C15T30) resulted in a gradual decrease in fresh density (2280 kg/m® and 2225 kg/m?,
respectively). Therefore, the results indicate that moderate replacement of cement and sand with CDWP and
TWP (C5T10) can enhance the fresh density of the concrete mix due to improved particle packing and reduced
void content. The finer particles of CDWP and TWP fill the voids between the coarser aggregates and cement
particles which lead to a denser and more compact fresh concrete. Additionally, the angular and irregular shapes
of the waste powders can contribute to mechanical interlocking which further enhances the packing efficiency.
However, the higher replacement levels appear to reduce the density due to low flowability which increases the
risk of voids. The reduced flowability, particularly at higher percentages of waste materials, limits the ability of
the mix to compact properly and increases the risk of entrapped air voids. Therefore, the presence of such voids
diminishes the overall fresh density and may negatively impact the workability and mechanical performance of
the hardened concrete.

Hardened concrete

Compressive strength

Figure 7 shows the compressive strength of concrete mixes with partial replacement of cement by CDWP
and sand by TWP at varying replacement levels. The findings indicate that the control mix (C0TO0), with no
replacements, achieved a compressive strength of 31.4 MPa at 28 days. The mix made with 5% of the cement
was replaced by CDWP and 10% of the fine aggregate by TWP (C5T10), the compressive strength increased to
33.8 MPa which indicates an improvement a compressive strength as compared to the reference concrete. The
increase in strength can be attributed to the pozzolanic activity of the waste powders, which contain reactive
silica and alumina. The silica reacts with the CH produced during cement hydration to form an additional
CSH gel. The secondary CSH gel contributes to the densification of the cementitious matrix by filling in the
capillary pores and refining the pore structure. Furthermore, CSH gel improves the binding properties within
the concrete which results in a stronger and more cohesive matrix. Furthermore, the ITZ improves due to the
pozzolanic reaction and micro-filling effect of the waste powders. The denser microstructure and refined ITZ
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Fig. 7. Compressive strength of concrete with varying CDWP and TWP percentages.
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observed at mix C5T10 are expected to reduce permeability and enhance resistance to ingress of water and
aggressive ions. Therefore, the findings suggest potential improvements in durability aspects such as sulfate
resistance and reduced chloride penetration at lower substitution.

The fine particles of CDWP and TWP fill the voids and pores around the aggregate particles which leads to
a denser packing in the ITZ. Similarly, a study®? indicates that replacing the cementitious paste with limestone
fines (LF) improves strength and durability mainly due to enhancing the packing density of the mix. Also, the
newly formed CSH gel due to pozzolanic reaction enhances the bond between the aggregate surface and the
surrounding cement paste which reduces porosity and microcracks in the ITZ. The ITZ becomes stronger and
more compact which improves the mechanical performance of the concrete. However, further increases in
replacement levels to 10% CDWP and 20% TWP (C10T20) caused a slight reduction in compressive strength
to 30.4 MPa. The decline suggests that higher proportions of waste materials adversely affect the concrete’s
mechanical properties. Furthermore, the highest replacement level of 15% CDWP and 30% TWP (C15T30)
mix shows significantly decreased compressive strength (26.7 MPa). The reduction in compressive strength at
higher replacement levels (C15T30) occurs because the CDWP is less reactive than cement. Therefore, replacing
high percentages of cement with less reactive materials reduces the cementitious compounds which leads to
a weaker concrete mix. A study’® indicates that the decrease in strength can be attributed to the presence of
excess chemical compounds that lack corresponding reactants to form hydration products. These unhydrated
compounds can lead to poor packing density, which subsequently increases the pore volume within the mix.
Furthermore, increasing the waste percentages reduces the workability of the fresh concrete mix which makes
it harder to properly mix and compact. The poor compaction results in more air voids and a less dense concrete
structure. Therefore, a less dense mix cause weak microstructure which leads to lower compressive strength.
Also, the increase in porosity and reduction in compactness may lead to higher permeability and making the
mixes more susceptable to durability-related deterioration.

Splitting tensile strength

The experimental results for the tensile strength of different concrete mixes are presented in Fig. 8. The findings
indicate that the CDWP and TWP influence the tensile strength behavior of concrete in a non-linear manner.
The control mix (C0T0) made of 100% ordinary Portland cement and natural sand shows a splitting tensile
strength of approximately 3.2 MPa. The mix made with 5% CDWP and 10% TWP (C5T10) shows that the
tensile strength increased to a peak value of 3.6 MPa. The improvement in tensile strength can be attributed to
several contributing factors. Firstly, the pozzolanic reactivity of CDWP results in the consumption of CH and
forms additional CSH gel. The CSH gel contributes to the refinement of the microstructure and densification
of the cementitious mix. Secondly, the angular shape and rough texture of COWP and TWP particles enhance
the mechanical interlocking and bond strength which contribute positively to tensile performance. Also, the
micro-filling ability of CDWP and TWP fine particles helps fill the voids within the mix which reduces porosity
and leads to a denser concrete mix. However, a further increase in the replacement levels to 10% CDWP and
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Fig. 8. Splitting tensile strength of concrete with varying CDWP and TWP percentages.
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20% TWP (C10T20) resulted in a marginal decrease in tensile strength (3.5 MPa) but remained higher than
the control mix (3.2 MPa). Furthermore, the mix made with the highest substitution levels (C15T30) showed a
significant decrease in tensile strength, reducing to approximately 2.4 MPa. The reduction indicates that excessive
substitution of reactive and cohesive cement with less reactive materials (CDWP) decreases the tensile capacity
of concrete due to a weaker ITZ and increased internal porosity. Also, the higher CDWP and TWP percentages
can adversely affect the workability of fresh concrete which makes the compaction process more difficult. The
poor compaction contributes to the formation of voids and leads to reduced tensile capacity. Similarly, a study>*
also concluded that when replacing a portion of cement with recycled fine powder in mortar and concrete, most
mechanical properties tend to decline as the replacement level increases. Therefore, it is advisable to limit the
replacement amount to no more than 20%.

Correlation between fresh and hardened properties

Figure 9 illustrates the correlation between slump flow and compressive strength at 7 and 28 days for concrete
mixes made with varying CDWP and TWP percentages. Two linear regression models were developed to
quantify the relationship for both curing ages. The findings indicate that a positive correlation exists between
slump flow and strength properties. The improved workability enhances the compaction of the concrete mix
which reduces the risk of internal voids and increases the density of the hardened mix. The enhanced compaction
also facilitates better bonding between the cement paste and aggregates, which significantly contributes to both
compressive and tensile strength development. For the 7 and 28 days, the compressive and tensile strength, the
linear regression equation is

ferdays = 0.1304x +10.179 (R* = 0.81 (1)
Yy

fc 28days — 0.1536x + 20.249 (R2 = 0.79) (2)
Yy

ft 7days — 0.0225x + 0.662 R2 =0.91 (3)
Yy

ft 28days = 0.0238x + 1.5776 (R2 = 0.56) (4)
Y

The equation indicates a strong linear correlation with an R* value of 0.81 (7 days) which highlights a significant
dependence of early-age compressive strength on slump flow. The positive relationship demonstrates that
the slump value is a critical factor influencing the mechanical performance of concrete, particularly when
recycled materials such as COWP and TWP are used. A similar positive correlation was observed in the 28-day
compressive strength which highlights that the workability affects the early strength and continues to impact
the long-term strength development of concrete. Therefore, adequate workability ensures proper compaction,
reduced void content, and enhanced bonding between the paste and aggregate particles which contribute to
strength development.

However, it is important to maintain a balance, as excessively high slump may lead to segregation and bleeding
which compromises the structural strength of concrete. However, the R? value for the 28 days of the compressive
and strength regression model is 0.79 and 0.56, respectively, which are lower than the corresponding values
of 0.81 and 0.91 observed at 7 days. The difference is due to the fact that the slump effectively represents the
workability of fresh concrete and strongly influences early-age strength development. The compressive strength
at later ages is governed by various factors such as ongoing cement hydration, pozzolanic reactions of CDWP and
TWP, curing conditions, and microstructural. These factors introduce additional variability that is not captured
by slump flow. Therefore, the lower R* at 28 days reflects the more complex strength development over time
and demonstrates that although workability remains important, several other factors, such as ongoing cement
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Fig. 9. Correlation between slump flow and strength properties.
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hydration, pozzolanic reactions of COWP and TWP, curing conditions, and microstructure, also influence long-
term mechanical performance.

Figure 10 illustrates the correlation between fresh density and compressive and tensile strengths at 7 and 28
days for concrete mixes made with CDWP and TWP. Two linear regression models were developed to quantify
the relationship for both curing ages. The findings reveal a positive correlation between fresh density and both
compressive and tensile strengths, which indicates that higher fresh density improves concrete mechanical
performance.

The increased density enhances the compaction of the concrete mix, reducing internal voids and improving
the packing of aggregates and cement paste, which significantly contributes to strength development. For the 7
and 28 days compressive and tensile strengths, the linear regression equations are:

fetdays = 0.0797x — 161.94 (R® = 0.96) (5)
fe28days = 0.093x — 180.32 (R* = 0.91) (6)
ft 7days = 0.0128x — 26.812 (R* = 0.92) ?)
ft28days = 0.0177x — 36.874 (R* = 0.97) (8)

The equations indicate a very strong linear correlation between fresh density and concrete strength, with the R*
values greater than 90% for both 7 and 28 days. Therefore, the fresh density remains a significant predictor of
mechanical performance over time. The increasing fresh density improves concrete compaction, reduces void
content, and enhances the bond between cement paste and aggregates which significantly contributes to both
compressive and tensile strength. Also, other factors such as ongoing cement hydration, the pozzolanic activity
of CDWP and TWP, curing conditions, and microstructural influence long-term performance. Therefore,
maintaining optimal fresh density and adequate workability ensures proper compaction and mechanical
strength in recycled concrete mixes.

Microstructure analysis
Scanning electronic microscopy (SEM)
Figure 11 shows the SEM results of reference concrete (COT0) at different magnifications, which consists of
100% ordinary Portland cement and natural aggregate. The control mix serves as a reference specimen for
comparison with modified mixes that are made with CDWP as cement replacement and TWP as sand. Despite
being a control mix, the SEM images reveal the presence of voids, ITZ, and microcracks. These voids reduce the
bulk density of the concrete and serve as stress concentration points that can initiate microcracking under load
and compromise mechanical performance. Furthermore, the ITZ typically contains higher concentrations of
calcium hydroxide (portlandite) and ettringite crystals, as well as microvoids and unhydrated cement particles.
The region is more porous than the bulk paste due to the bleeding of water towards the aggregate. Although the
ITZ in the COTO mix appears relatively thin, it remains a microstructurally weak zone in concrete that affects
mechanical and durability properties. A strong and dense ITZ is essential for effective load transfer between the
cement paste and aggregates. Therefore, the ITZ COTO0 mix displays moderate porosity, suggesting adequate (not
optimal) packing and bonding.

The microcracks are primarily attributed to drying shrinkage, in which free water evaporates from the paste
and the cement matrix undergoes volumetric contraction. Although these cracks are not structurally critical
at the micro level, their accumulation and propagation over time, especially under loading or environmental
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Fig. 10. Correlation between fresh density and strength properties.

Scientific Reports |

(2026) 16:787

| https://doi.org/10.1038/s41598-025-30348-z

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 11. SEM of control mix (COTO) at different magnifications.

exposure, can contribute to decreased load carry capacity. Despite the presence of voids and microcracks, the
microstructure of the reference concrete appears to be well consolidated. The hydration products, particularly
CSH gel, are densely distributed in the bulk paste. The relatively dense matrix and thin ITZ indicate a stable
microstructure that gives satisfactory strength.

Figure 12 shows the SEM results of concrete made with 5% CDWP as cement replacement and 10% TWP
as sand. The findings indicate a dense microstructure with minimal porosity as compared to the reference
concrete, indicating more efficient hydration. The improvement can be attributed to the pozzolanic reactivity of
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Fig. 12. SEM of 5% CDWP and 10% TWP (C5T10) at different magnifications.

the CDWP and the micro filler effect of both CDWP and TWP. The pozzolanic reaction involves the chemical
reaction of silica present in CDWP and calcium hydroxide (portlandite) formed during cement hydration. The
reaction leads to the formation of an additional CSH gel. The CSH gel improves the binding properties and
contributes to strength and microstructure. Also, the fine particle size and angular morphology of COWP and
TWP contribute to the micro filling of voids which leads to improved particle packing and reduced capillary
pore volume. The densification of the matrix improves the interconnectivity which leads to better mechanical
interlocking and stress distribution within the cementitious mix. A study® also indicates that the pore structure
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analysis indicates that the addition of micro ceramic powder (MCP) refines the pore network due to its physical
filling effect and pozzolanic reactivity. Therefore, the modified mix shows improved compressive strength with
partial replacement of conventional materials.

However, the SEM images also show narrow hairline cracks due to shrinkage or thermal stresses during
hydration. The crack is narrow and not interconnected. Therefore, it does not significantly affect the concrete
strength. More importantly, the mix does not show any large cracks which are often indicative of poor
compaction or the presence of unhydrated particles. The concrete is well-compacted, and the cement particles
have effectively hydrated to form CSH gel. The high density and low porosity contribute significantly to the
concrete’s strength. The compact nature of the microstructure allows for better stress distribution, enhancing the
concrete’s mechanical properties. Moreover, the ITZ appears well-bonded. The improved ITZ can be attributed
to both the pozzolanic activity and the micro filler effect which enhances the continuity and density of the matrix
at the aggregate interface. Therefore, the dense and strong bond between the particles contributes to the strength
and makes it a highly effective construction material.

Figure 13 shows the SEM results of concrete made with 10% CDWP and 20% TWP. The findings indicate
a dense microstructure with minimal porosity as compared to the reference concrete. Therefore, the hydration
process appears effective even with the replacement of 10% cement with CDWP. The formation of abundant
CSH gel due to pozzolanic reaction contributes to the concrete strength. Furthermore, a well-bonded interfacial
ITZ is observed which indicates strong bonding between the cement paste and aggregate particles. The strong
ITZ facilitates efficient load transfer across the cement aggregate interface and minimizes stress concentration.
Therefore, the strength of concrete is improved (Figs. 7 and 8). Furthermore, the SEM images show no apparent
larger number of voids or microcracks at the ITZ which reflects good particle packing and paste-aggregate
bonding despite the 10% CDPW and 20% TWP. However, the presence of a slightly porous region was noted
within the bulk matrix. The porosity may be attributed to a reduction in workability caused by the increased
volume of fine recycled powders.

Furthermore, the higher surface area and angularity of CDWP and TWP particles tend to increase the water
demand of the mix. Therefore, the lack of water potentially leads to incomplete compaction and entrapped air
voids. Also, the reduced workability can obstruct during placing and compaction which results in small pockets
of porosity. However, the overall microstructure remains dense and strong. The pozzolanic activity of CDWP
and the micro filler effect of TWP contribute to the refinement of the pore structure and enhancement of the
ITZ. A study’® noted that the mix made with ceramic waste as a sand replacement shows a strong ITZ due to
the micro-filler effect. The mechanisms work synergistically to offset the potential negative effects of increased
percentages of waste materials. The mix represents a viable, sustainable alternative to conventional concrete
which balances the recycled material usage with mechanical strength.

Figure 14 shows the SEM results of concrete made with 15% CDWP as cement replacement and 30% TWP
as sand. The findings reveal the presence of numerous voids, porous regions, and micro-cracks throughout
the cement matrix. Compared to mixes with lower replacement levels (C5T10 and C10T20), the increase to
15% CDWP and 30% TWP has resulted in a noticeable deterioration of the microstructure. The voids indicate
incomplete compaction and increased entrapped air due to reduced workability (Fig. 5). The irregular shapes
and higher surface area of COWP and TWP particles demand more mixing water and can disrupt the flowability
of the concrete which leads to inefficient compaction and the formation of voids. The voids act as stress
concentrators and weaken the load carrying capacity. Additionally, the presence of porous regions suggests a
less dense microstructure due to higher percentages of cement replacement. The reduced availability of reactive
cementitious material and the potential for incomplete hydration can lead to a pore structure and higher porosity
which negatively impact the concrete’s mechanical strength.

The SEM analysis also reveals a network of large cracks due to poor workability and non-reactive particles.
The poor workability makes it difficult to achieve better compaction and during placement. The poor
compaction results in entrapped air pockets, voids, and heterogeneous zones where the paste fails to fully
envelop the aggregates and filler particles. A study®” also indicates that poor workability negatively impacts the
performance, application, and final quality of concrete during setting and finishing. Furthermore, an increase in
concrete porosity leads to lower density and poorer compaction, resulting in a decrease in compressive strength.
Furthermore, the non-reactive particles do not contribute to the hydration process. Therefore, it does not generate
binding compounds such as CSH that provide strength and cohesion which results in cracks. The insufficient
compaction and the inert nature of some particles induce internal stresses. The stresses lead to the formation and
propagation of large cracks within the microstructure. A study’® indicates that the microstructural configuration
of recycled powder increases the water demand and adversely affects the workability of concrete. Similarly, the
SEM analysis of construction and demolition waste (CDW) aggregates reveals that CDW particles are generally
more angular compared to natural aggregates, which contributes to a reduction in the workability of concrete®.
Therefore, the mix made with 15% CDWP and 30% TWP shows lower strength as compared to the other mixes
(Figs. 7 and 8).

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra (Fig. 15) illustrate the transmittance behavior of concrete made with varying proportions of
CDWP and TWP as partial replacements for cement and fine aggregate, respectively. The findings indicate that
significant changes in transmittance are observed, particularly for the sample with 5% CDWP and 10% TWP
(C5T10). A lower transmittance value compared to the control and other mixes, indicating a higher degree of
absorption likely due to increased chemical interactions and bond formations within the matrix. However, the
samples with higher CDWP and TWP percentages (C10T20 and C15T30) exhibit transmittance closer to the
control. The results are consistent with a previous study*® which indicates that the peaks corresponding to Si-O
stretching vibrations in the 900 to 1000 cm™ ! range show minimal changes, indicating stable polymerization.
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Fig. 13. SEM of 10% CDWP and 20% TWP (C10T20) at different magnifications.

A study*! also reported that the CSH peak for OPC was identified around 970 cm™, indicating the asymmetric
stretching vibrations of Si-O-Si bonds. Furthermore, when nano silica (NS) was added along with metakaolin
(MK), the peak shifted from 974 cm™ to 1002 cm™, suggesting a broadening of the Si-O band.

Therefore, the shift indicates an increase in the degree of silicate polymerization due to the formation of a
silica (SiO,) gel. A study® indicates that the bands appearing in the 1400 to 1500 cm™ ! range are attributed to
carbonate vibrations. The broad OH stretching peak (3400 cm™!) variations suggest different moisture content
or hydration degrees in mixes. A study** also noted that the broad absorption band at higher wavenumbers
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Fig. 14. SEM of 15% CDWP and 30% TWP (C15T30) at different magnifications.

is attributed to two types of water. One associated with gypsum at around 3550 cm™, and the other linked to
water bound within the cement matrix near 3428 cm™ ! during the hydration process. Therefore, the optimum
replacement levels (5% CDWP and 10% TWP) have a more pronounced impact on the molecular interactions
within the cement matrix, especially in the Si-O stretching region. The modifications suggest enhanced
chemical reactions and potential improvements in the silicate polymerization process, which contribute to the
development of a denser and more durable microstructure (Fig. 12). However, higher substitution percentages
tend to bring transmittance values closer to those of the control mix, indicating that excessive replacement
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Fig. 15. FTIR of concrete made with CDWP and TWP.
reduces the chemical effects. Therefore, the CDWP and TWP optimum percentages show promise for sustainable
concrete production by partially utilizing COWP and TWP without compromising the concrete performance.
Limitations and impact
o The CDWP and TWP used were obtained locally. Their chemical composition, porosity, and reactivity can
differ from other demolition or ceramic sources, which impact the concrete performance.
« Reduced workability at higher replacement levels can cause poor compaction and extra voids which resulting
in lower strength.
o One water-to-cement ratio (0.60) was used in this study. Different ratios could change the optimum replace-
ment levels and improve performance at higher substitutions.
o Long-term strength development and durability properties such as resistance to chloride penetration, sulfate
attack, carbonation, and freeze thaw cycles, were not evaluated.
The limitations indicate that the findings are reliable within the scope of this study, but further laboratory and
practical tests are required to confirm their applicability under different materials source, mix designs, and
durability conditions.
Conclusions
In this study, the cement was partially replaced with CDWP in varying percentages from 0%, 5%, 10% and 15%.
Furthermore, the fine aggregate was partially replaced with TWP in varying percentages from 0%, 10%, 20% and
30%. The fresh properties (slump flow and fresh density) and mechanical properties (compressive and tensile
strength) were evaluated. Furthermore, correlations between fresh and mechanical properties were developed.
Also details microstructure analysis was performed through SEM and FTIR analysis. The detailed conclusions
are as follows:
Scientific Reports | (2026) 16:787 | https://doi.org/10.1038/s41598-025-30348-z nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The concrete workability is reduced due to the rough and angular nature of CDWP and TWP particles.

The CDWP and TWP improve fresh concrete density due to better particle packing and reduced voids. How-
ever, higher replacement levels decrease density due to reduced workability and poor compaction which leads
to more entrapped air.

The partial replacement of cement and fine aggregate with CDWP and TWP can enhance the compressive
strength of concrete at lower substitution levels (5% CDWP and 10% TWP) due to pozzolanic activity and
improved interfacial transition zone. However, higher replacement levels adversely affect strength.

Splitting tensile strength also increased in a similar pattern to compressive strength due to pozzolanic activity,
improved microstructure, and mechanical interlocking. However, higher replacement levels reduce tensile
strength.

Slump flow shows a strong correlation with early-age concrete strength which highlights the importance of
workability for compaction and mechanical performance. However, its influence decreases at 28 days due to
additional factors like hydration, curing, and pozzolanic reactions. Furthermore, fresh density shows a strong
positive correlation with both compressive and tensile strengths at 7 and 28 days, indicating that higher den-
sity significantly enhances mechanical performance by improving particle packing and reducing voids.

The SEM findings align well with the mechanical strength results, confirming that improved microstructure is
observed at lower replacement levels and weak microstructure at higher replacement levels.

Data availability
The data supporting the findings of this study are available within the manuscript.
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