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Effect of polyethylene terephthalate granules  

on nano-CaCO3-blended concrete 
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A B S T R A C T 

This study explores the effects of partially replacing fine aggregate with 10% poly-
ethylene terephthalate granules (PET) and cement with varying amounts (0–5%) of 
nano calcium carbonate (CaCO3) in M40 grade concrete. Concrete mixes were tested 
for workability, density, compressive strength, tensile strength, and flexural strength. 
Microstructural characteristics were examined using Scanning Electron Microscopy 
(SEM) and X-Ray Diffraction (XRD), while ANSYS simulations were used to validate 
compressive strength results. The results indicated that the optimal performance 
was achieved at 2% nano-CaCO3 replacement along with 10% PET. Although worka-
bility and density slightly declined with increasing CaCO3 content, compressive and 
tensile strengths showed only minor reductions, reflecting the limited reactivity of 
CaCO3. On the other hand, the addition of PET improved flexural strength and tough-
ness, though these benefits reduced gradually at higher CaCO3 levels. SEM and XRD 
analyses confirmed uniform dispersion and the presence of crystalline phases, while 
ANSYS simulations closely matched experimental results, reinforcing the validity of 
the findings. The study is limited to M40 grade concrete and specific replacement 
levels. However, the findings suggest that combining PET waste and nano-CaCO3 can 
enhance mechanical performance while contributing to environmental benefits by 
reducing plastic waste and CO₂ emissions. Further research is needed for broader 
application and lifecycle assessment. 
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1. Introduction 

The cement industry is responsible for approximately 
8–10% of all human-generated CO₂ emissions world-
wide. With production projected to increase from 
around 4 billion metric tons today to more than 6 billion 
by 2050, this will further contribute to atmospheric CO₂ 
levels (Andrew 2018; Srivastava et al. 2025). In re-
sponse, global initiatives are focusing on reducing the 
sector’s environmental impact while still meeting rising 
demand. The cement technology roadmap presents key 
strategies for enhancing sustainability, including adopt-
ing energy-efficient processes, utilizing alternative fuels, 
reducing clinker content, and fostering technological in-
novation (Camiletti et al. 2013). 

Among these approaches, clinker substitution stands 
out as a widely used and economical option. This tech-
nique involves partially replacing cement with supple-
mentary cementitious materials such as fly ash, ground 
granulated blast furnace slag, silica fume, and limestone 
powder. Recently, nanotechnology has become increas-
ingly popular, with nanomaterials being used as partial 
replacements for cement clinker. These nanoparticles 
modify the hydrated paste at the nanoscale, leading to 
notable improvements in compressive and flexural 
strength, as well as overall performance and durability 
(Srivastava et al. 2025; Cao et al. 2019). Research has 
demonstrated that adding nanoparticles including nano-
SiO2, nano-TiO2, nano-CaCO3, nano-Fe2O3, nano-ZrO2, 
nano-Al2O3, and nano-graphene (as well as carbon nano-

mailto:kumarawadhesh0011@gmail.com
https://doi.org/10.20528/cjcrl.2026.01.001
https://cjcrl.challengejournal.com/
https://orcid.org/0000-0002-3782-7920
https://orcid.org/0000-0002-7399-8823
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https://orcid.org/0009-0000-7827-8297
https://creativecommons.org/licenses/by/4.0/
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tubes and carbon nanofibers to cementitious composites 
can significantly enhance their performance and longev-
ity (d’Amora et al. 2020; Supit et al. 2014).  

However, the high cost of many of these nanomateri-
als limits their widespread use in the cement industry. In 
comparison, nano-CaCO3 is relatively more affordable 
and has been shown to potentially be produced at ce-
ment plants using waste CO2 from cement production 
(Daniyal et al. 2019; Hashim et al. 2018).  

In recent years, plastic production has steadily risen 
due to its widespread use in daily life. However, plastic 
waste is non-biodegradable and chemically hazardous, 
causing significant environmental harm. The United Na-
tions Environment Program reports that global annual 
plastic production exceeds 400 million tonnes, with 
around 87% (or 350 million tonnes) becoming waste. As 
of 2015, the plastic packaging industry was generating 
approximately 141 million tonnes of single-use plastics 
annually, accounting for 47% of all plastic waste (Saikia 
et al. 2014). China emerged as the largest global pro-
ducer of plastic packaging waste, contributing 40 million 
tonnes. Meanwhile, the United States had the highest per 
capita production of plastic packaging waste, totaling 45 
million tonnes (Bamigboye et al. 2021).  

Plastics come in two main types: thermoplastics and 
thermosetting plastics. Thermoplastics can be melted 
and recycled multiple times within the industry. Some 
common examples of thermoplastics include high-den-
sity polyethylene, low-density polyethylene, polyeth-
ylene terephthalate (PET), polyethylene, polystyrene, 
polypropylene, polyamide, polyoxymethylene, and poly-
tetrafluoroethylene. In contrast, thermosetting plastics 
cannot be melted due to their strong molecular bonds 
and crosslinked structure, which makes them resistant 
to melting. Examples of thermosetting plastics are mela-
mine, silicone, epoxy resin, phenolic, unsaturated poly-
ester, and polyurethane. Currently, these plastic wastes 
are either incinerated or buried, both of which are ex-
pensive and environmentally damaging. Reusing ther-
mosetting plastic waste could help reduce both pollution 
and waste management costs.  

Among thermoplastics, PET is the most commonly 
used polyester. Frigione (2010) conducted research to 
evaluate the impact of replacing 5% of fine aggregates in 
concrete with unwashed PET particles by weight. The 
study assessed how this substitution influenced worka-
bility, compressive strength, and splitting tensile 
strength. Both the sand and PET particles used had sizes 
ranging from 300 µm to 2.36 mm. The results showed a 
slight decrease in compressive strength (less than 2%) 
and splitting tensile strength (between 1.6% and 2.4%) 
for the concrete with PET, but no significant change in 
workability. Almeshal et al. (2020) examined the effects 
of substituting sand with shredded PET waste (ranging 
from 0.075 to 4 mm) on concrete's workability, unit 
weight, and compressive strength, using replacement 
rates from 10% to 50% by volume. Their findings indi-
cated that increasing the PET content significantly re-
duced workability, with slump values dropping from 90 
mm for the control specimens to just 10 mm for those 
with 50% PET. This reduction in workability was at-
tributed to PET's lower density compared to sand, which 
also adversely affected compressive strength. Concrete 

mixtures with 40% and 50% PET saw compressive 
strength reductions of 31% and 60%, respectively, com-
pared to the control. Dawood et al. (2021) investigated 
concrete properties with shredded PET waste as a par-
tial volumetric replacement of fine aggregates, ranging 
from 5% to 20%. Although both the fine aggregates and 
PET fibers were less than 4.75 mm in size, PET fibers 
predominantly ranged from 2.36 mm to 1.18 mm, with 
significant variation in gradation (0–4.47 mm). Their 
study found that workability decreased as PET content 
increased, with a notable 62.5% reduction for the 20% 
PET replacement compared to the control. This decrease 
was due to the larger surface area of PET particles. How-
ever, compressive strength improved with up to 15% 
PET replacement, peaking at a 7.5% increase for 12% 
PET, before declining with higher replacement levels 
(Choi et al. 2005).  

Research on using PET waste as a partial replacement 
for concrete components (fine and coarse aggregates) 
has been conducted before, but results have varied 
based on the shape and size of the PET waste. While PET 
fibers have been commonly used, PET granules have not 
been extensively studied (Ismail and Al-Hashmi 2008). A 
recent study demonstrated that substituting 2% of ce-
ment with nano-CaCO3 can lead to a 69% reduction in 
CO2 emissions from cement production (Batuecas et al. 
2021). Specifically, the CO2 emissions decreased from 
0.96 kg CO2 eq./kg of cement to 0.3 kg CO2 eq./kg. This 
reduction illustrates that nano-CaCO3, even at lower re-
placement levels compared to fly ash, offers significant 
economic and environmental advantages (Aslani et al. 
2021; Limami et al. 2020; Moghadam et al. 2009).  

This research study investigates the impact of partial 
substitution of Polyethylene terephthalate (PET) with 
fine aggregate and nano calcium carbonate (CaCO3) par-
ticles with cement in M40 grade concrete respectively. 
Important physical properties, were assessed alongside 
the microstructural observations. The cement is re-
placed by CaCO3 with 0%, 2%, 3%, 4%, and 5%, while the 
fine aggregate is replaced by 10 % PET in all possible 
variations. This paper also examines the technical feasi-
bility of incorporating nano-CaCO3 in cement. 
 

2. Materials and Method 

2.1. Materials  

In this study, the binder materials included only Ordi-
nary Portland Cement (OPC) 43-grade in the control 
mixture, while the experimental mixtures used was OPC 
combined with nano-CaCO3 particles. The nano-CaCO3 
particles employed had sizes ranging from 15 to 40 nm 
and contained 98% CaCO3 shown in Fig. 1(a) (Siddique et 
al. 2008). The property of PET granules was shown in 
Table 1 and Fig. 1(b). A superplasticizer, commercially 
known as Fosroc (Complast SP40 G8 QCDA820), was 
used to enhance workability. Coarse aggregates with a 
maximum particle size of 20 mm and a specific gravity of 
2.55 were utilized. Natural sand, with a specific gravity 
of 2.71, served as the fine aggregate. Tap water was used 
for mixing. The experimental test results of cement 
shown in Table 2.  
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Table 1. Characteristics of PET used in the experimental work. 

Grade Density Manufacturer Granule size Source Pre-treatment 

B52A003 0.954 g/cm3 Gail India G-Lex ≤ 4.75 mm 
Post-consumer 
water bottles 

Washed to remove impurities; air-
dried; no chemical pre-treatment. 

Table 2. Test results of OPC (43-grade) cement. 

S. no Properties Test result 

1 Specific gravity 3.04 

2 Standard consistency 27% 

3 Initial setting time 42 minutes 

4 Final setting time 349 minutes 

 

Fig. 1. (a) Nano-CaCO3; (b) PET granules.

2.2. Concrete mixes 

Table 3 provides details on the mixing ratios for con-
crete mixes with varying amounts of nano-CaCO3 as a re-
placement for cement. In the mix notation, “0NC10PP” 
indicates 0% nano-CaCO3 replacement and 10% 
PET(PP) replacement. Concrete mixtures were prepared 

using different percentages of nano-CaCO3 (0%, 2%, 3%, 
4%, and 5%) relative to the dry cement weight, simulta-
neously PET was added at 10% of the fine aggregate 
weight for all different ratios. Small quantities of super-
plasticizer were incorporated into the mixtures to en-
hance the performance of the nano-particles (Limami et 
al. 2020).

Table 3. Mix design for the different concrete mix considered. 

Sr.  
no 

Concrete  
mix 

Cement,  
kg/m3 

Fine  
aggregate,  

kg/m3 

Coarse  
aggregate,  

kg/m3 

Water  
cement  

ratio 

Water,  
kg/m3 

Nano- 
CaCO3,  
kg/m3 

PP granules,  
kg/m3 

Super  
plasticizer,  

l/m3 

1 0NC0PP 411.22 681.66 1191.75 0.36 143 0 0 1.85 

2 0NC10PP 411.22 613.49 1191.75 0.36 143 0 68.17 1.85 

3 2NC10PP 403.00 613.49 1191.75 0.36 143 8.22 68.17 1.85 

4 3NC10PP 398.89 613.49 1191.75 0.36 143 12.33 68.17 1.85 

5 4NC10PP 394.78 613.49 1191.75 0.36 143 16.44 68.17 1.85 

6 5NC10PP 390.66 613.49 1191.75 0.36 143 20.56 68.17 1.85 

2.3. Specimen casting and curing 

To make the concrete mixes cement, coarse and fine 
aggregates with PET were combined in a rotary mixer. 

The aggregates used were in a saturated surface dry 
(SSD) condition. After mixing these ingredients, cement, 
nano-CaCO3, water, and superplasticizer were added and 
mixed thoroughly. A portion of the fresh mixture was 

(b) (a) 
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then tested for slump. After the slump test, the remain-
ing mixture was kept in the mixer and poured into oiled 
molds. The molds were left to set for 24 hours as shown 

in Fig. 2. After this, the samples were removed from the 
molds and cured traditionally by immersing them in wa-
ter for 7, 14, and 28 days (Siddique et al. 2008).

 

Fig. 2. Fresh concrete cube samples.

2.4. Specimen testing 

First of all, compressive strength tests were per-
formed on cubic samples with dimensions of 
150×150×150 mm, while splitting tensile strength was 
tested using cylindrical samples of 100×200 mm. Flex-
ural strength was assessed with beams measuring 
150×150×700 mm. After conducting these tests on con-
crete samples that had cured for 28 days, some frag-
ments were collected from the fractured surfaces. These 
fragments were then subjected to SEM and XRD analyses 
for detailed microstructural examination. 

 

3. Results and Discussion 

3.1. Workability 

The control concrete mix recorded a slump value of 
110mm as in Fig. 3. The rounded and relatively smooth 

PET granules facilitated the dispersion of fine aggregates 
in the mixture, despite the low water-to-cement ratio. 
Nano-CaCO3, being a natural material with finer parti-
cles than cement, enhances particle packing in concrete 
and acts as a spacer. Consequently, concrete mixtures 
with nano-CaCO3 replacement exhibited a higher slump, 
improving workability. Concrete mixes with PET re-
placements showed a slump comparable to that of the 
control mix (Rahmani et al. 2013; Azhdarpour et al. 
2016). 

3.2. Density 

The concrete density decreased with the addition of 
PET. For concrete with a 10% PET replacement, the den-
sity was 2405 kg/m³, which is fairly close to the control 
sample’s density of 2465 kg/m³. Nano-CaCO3 had mini-
mal impact on the density, yielding similar results to 
those with PET. These results align with findings from 
other studies (Rahmani et al. 2013).

 

Fig. 3. Workability of the fresh concrete.  
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3.3. Compressive strength 

The compressive strength of concrete increased by 
4% with 10% PET granules, compared to the standard 
mix. However, adding 2% CaCO3 and 10% PET granules 
achieved the target strength. The compressive strength 
of concrete dropped noticeably with higher CaCO3 re-
placement ratios (Pezzi et al. 2006; Asha et al. 2015; Ma-
rangu et al. 2019). Differences in previous research re-
sults can be attributed to variations in the grading, 
shape, and size of PET particles, as well as the water-to-
cement ratio used. The way PET granules affect the fail-
ure modes of concrete is related to their shape and flexi-
bility.  

When the concrete reaches its maximum load, the in-
ternal stresses shift from shear to tensile stress. Con-

crete with PET granules tends to maintain its shape after 
peak load, reducing the likelihood of collapse, whereas 
the standard concrete tends to be more brittle and fails 
through shear. This difference is likely due to the flexi-
bility of PET granules compared to sand (Rahmani et al. 
2013; Choi et al. 2005; Abu-Saleem et al. 2021). CaCO3 
interacts with the C3A phase of cement to form carboalu-
mination, which partially replaces ettringite. As a result, 
OPC concrete typically shows higher compressive 
strength than concrete with CaCO3 at 28 days shown in 
Fig. 4, when the concrete has fully matured. Because 
nano-CaCO3 is less reactive than cement, replacing ce-
ment with nano-CaCO3 can lead to a decrease in com-
pressive strength, especially over the long term, as there 
is minimal reaction between nano-CaCO3 and cement hy-
drates (Rahmani et al. 2013; Choi et al. 2005).

 

Fig. 4. Compressive strength test results of different mixes at 7, 14 and 28 days.

3.4. Tensile strength 

The tensile strength dropped by 8% for the sample 
with 10% of PET and 0% of CaCO3 compared to regular 
concrete as shown in Fig. 5. When more CaCO3 was 
added, the performance worsened further. For instance, 
the sample with a 5% replacement rate saw a 14.15% 
decrease in tensile strength compared to the standard  

 
concrete. This happens because PET granules, when 
used in small amounts, helps in bonding the aggregates 
and cement better due to their flexibility and in even dis-
tribution (Fig. 6). However, once the concrete reaches its 
maximum strength, the PET granules tend to pull away 
from the cement, leading to reduced tensile strength 
(Pezzi et al. 2006, Asha et al. 2015).

 

Fig. 5. Splitting tensile strength test results of different mixes at 7, 14 and 28 days. 

0

10

20

30

40

50

60

70

0NC0PP 0NC10PP 2NC10PP 3NC10PP 4NC10PP 5NC10PP

C
o

m
p

re
ss

iv
e 

st
re

n
gt

h
 (M

P
a)

7 day 14 day 28 day

0

1

2

3

4

5

ONC0PP ONC10PP 2NC10PP 3NC10PP 4NC10PP 5NC10PP

Sp
lit

ti
n

g
te

n
si

le
 s

tr
en

gt
h

 (M
P

a)

7 day 14 day 28 day



 Kumar et al. / Challenge Journal of Concrete Research Letters (2026) 17(1) 1–12 6 

 

   

Fig. 6. Splitting tensile strength test of cylindrical specimens.

3.5. Flexural strength 

Test results in Fig. 7 show that the specimen containing 
2% CaCO3 and 10% PET reached the highest flexural 
strength of 3.23 MPa, which was a reduction of 2.71% com-

pared to the reference concrete. Although the addition of 
CaCO3 led to a decrease in flexural performance as its 
quantity increased, flexural strength remained relatively 
effective (Aslani et al. 2021). Fig. 8 denoted the fractured 
beam specimen during flexural test as per Indian standard.

 

Fig. 7. Flexural strength test results at 28 days. 

 

Fig. 8. Beam specimen after the flexural strength test.  
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3.6. Scanning electron microscopic (SEM) analysis 

Fig. 9 shows the SEM micrographs of the 02NC10PP 
specimen, while Fig. 10 presents the corresponding EDS 
analysis used to identify its elemental composition. 

Elemental composition: 
 Oxygen (O): The high percentage of oxygen is ex-

pected in concrete due to the presence of various ox-
ides and hydrated compounds such as calcium silicate 
hydrate (C-S-H), which is a major component of the 
cement matrix shown in Fig. 10. 

 Aluminum (Al): Aluminum is present likely due to 
the aluminosilicate compounds found in the ce-
mentitious materials. Al might be a part of phases 
like calcium aluminate hydrates or fly ash additives 
if used. 

 Silicon (Si): Silicon is a major component in concrete 
due to the presence of silicon dioxide (SiO2) in sand and 
other aggregates. It is also a primary component of the 
C-S-H gel formed during the hydration of cement. 

 Potassium (K): Potassium could be from the raw ma-
terials used in cement. It can also be from K-feldspar 
in the aggregates. 

 Calcium (Ca): Calcium is a key element in concrete, pri-
marily from the calcium carbonate (CaCO3) nanoparti-
cles added, as well as from calcium silicates and cal-
cium hydroxide formed during hydration of cement. 

 Platinum (Pt): Platinum is not a common component 
of concrete and its presence here is most likely from a 
coating applied to the sample for SEM analysis to 
make it conductive. This coating improves the quality 
of the SEM images.

   

Fig. 9. SEM images of 02NC10PP. 

 

Fig. 10. EDS image of 02NC10PP.

Implications and observations:  
 Nano-CaCO3 and Concrete Composition: The presence 

of calcium (Ca) at 1.56% by weight suggests that the 
nano-CaCO3 is dispersed throughout the sample. Alt-
hough it is a small percentage, nano-CaCO3 can signif-
icantly influence the microstructure and mechanical 
properties of concrete by acting as a filler and nuclea-
tion site for hydration products. 

 Polyethylene terephthalate (PET) Granules: The 
analysis does not directly detect PET because it is a 

car-bon-based polymer and typically does not pro-
duce characteristic X-rays detectable by EDS. The in-
fluence of PET granules would be more evident in 
mechanical property tests and microstructural anal-
ysis rather than in elemental composition data from 
EDS. 

 Concrete Matrix: The high content of oxygen, silicon, 
and aluminum suggests the formation of typical ce-
mentitious compounds such as C-S-H, ettringite, and 
other hydration products shown in Fig. 9. The pres-
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ence of potassium and other elements aligns with typ-
ical raw materials and potential additives. 

 Platinum Coating: The presence of 2% platinum is due 
to the conductive coating applied to the sample. This 
is a standard preparation step for SEM analysis to pre-
vent charging and to improve image resolution. 
 

The SEM-EDS analysis of the concrete sample contain-
ing 2% nano-CaCO3 and 10% PET granules shows a typ-
ical composition with major elements expected in a ce-
mentitious matrix. The nano-CaCO3 is present as indi-
cated by the calcium content, while the PET granules, be-
ing non-metallic and non-oxide, are not directly detecta-
ble by EDS but contribute to the mechanical and durabil-
ity properties of the concrete. The analysis confirms the 
expected distribution of elements in a concrete matrix 
modified with nano-CaCO3 and PET granules represents 
in Table 4 (Aslani et al. 2021; Azhdarpour et al. 2016). 

Table 4. EDS elemental composition of 02NC10PP. 

Element Weight, % Atomic, % 

O 58.67 73.45 

Al 7.33 5.44 

Si 22.54 16.08 

K 7.90 4.05 

Ca 1.56 0.78 

Pt 2.00 0.21 

Totals 100.00 ‒ 

 

 
Fig. 11 shows the SEM micrographs of the 05NC10PP 

specimen, while Fig. 12 presents the corresponding EDS 
analysis used to identify its elemental composition.

   

Fig. 11. SEM images of 05NC10PP. 

 

Fig. 12. EDS image 05NC10PP.

Elemental composition: 
 Oxygen (O): The high percentage of oxygen is typical 

in concrete, reflecting the presence of various oxides 
and hydrated compounds. This includes calcium sili-
cate hydrate (C-S-H), calcium hydroxide, and other 
hydration products. 

 Aluminum (Al): Aluminum is present due to the alu-
minosilicate compounds in the cementitious materi-

als. It may come from the raw materials or additives 
like fly ash. 

 Silicon (Si): Silicon is a significant component in con-
crete, originating from silicon dioxide (SiO2) in sand, 
aggregates, and the C-S-H gel formed during the hy-
dration of cement. 

 Potassium (K): Potassium can come from raw materi-
als used in cement, pozzolans, or fly ash additives. It 
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might also be present in K-feldspar from aggregates 
Fig. 12. 

 Calcium (Ca): The relatively high percentage of cal-
cium indicates the presence of calcium compounds, 
including the 3% nano-CaCO3 added. Calcium is essen-
tial in forming calcium silicate hydrates and other ce-
ment hydration products. 

 Iron (Fe): Iron might be present in small amounts 
from raw materials used in cement production, or it 
could be a trace element from aggregates or additives. 
Iron oxides can also contribute to the color and dura-
bility of concrete. 
 
Implications and observations: 

 Nano-CaCO3 and Concrete Composition: The presence 
of calcium at 12.59% by weight suggests a significant 
influence of nano-CaCO3 on the overall composition. 
The increased calcium content compared to the pre-
vious sample with 1% nano-CaCO3 indicates the 
higher incorporation of these nanoparticles, enhanc-
ing the concrete's microstructure and potentially im-
proving its mechanical properties. 

 PET Granules: Similar to the previous analysis, the 
PET granules, being carbon-based, are not directly de-
tectable by EDS. Their impact on the concrete would 
be more evident in its mechanical properties and mi-
crostructure, providing improved toughness and 
crack resistance. 

 Concrete Matrix: The high content of oxygen, silicon, 
and aluminum suggests the formation of typical ce-
mentitious compounds, such as C-S-H, ettringite, and 
other hydration products. The presence of potassium 
and iron aligns with typical raw materials and poten-
tial additives Fig. 12. 

 Oxygen and Silicon: Both samples have high oxygen 
and silicon contents, typical of cementitious materi-
als. 

 Aluminum: The aluminum content is slightly lower in 
the 5% nano-CaCO3 sample. 

 Calcium: The calcium content is significantly higher in 
the 5% nano-CaCO3 sample, reflecting the increased 
addition of nano-CaCO3. 

 Iron: The new sample has a measurable amount of 
iron, which was not present in the previous analysis, 
indicating possible variations in the raw materials or 
additives used. 
 
The SEM-EDS analysis of the concrete sample with 5% 

nano-CaCO3 and 10% PET granules shows a typical com-
position with significant calcium content due to the in-
creased nano-CaCO3 addition shown in Fig. 11. The ele-
mental composition suggests the formation of standard 
cementitious phases, with the added nano-CaCO3 likely 
improving the microstructure and mechanical proper-
ties of the concrete as shown in Table 5. The PET gran-
ules, while not detectable by EDS, contribute to en-
hanced toughness and crack resistance. The presence of 
iron in this sample indicates some variation in raw ma-
terials or additives compared to the previous sample 
(Marangu et al. 2019; Rahmani et al. 2013; Abu-Saleem 
et al. 2021). 

Table 5. EDS elemental composition of 05NC10PP. 

Element Weight, % Atomic, % 

O 52.73 69.14 

Al 4.10 3.19 

Si 24.85 18.56 

K 2.31 1.24 

Ca 12.59 6.59 

Fe 3.42 1.28 

Totals 100.00 ‒ 

 

3.7. X-ray diffraction (XRD) analysis 

As shown in Fig. 13, the XRD pattern of the 2NC10PP 
specimen indicates the presence of distinct crystalline 
phases within the concrete matrix. The intensity peaks 
represent the constructive interference of diffracted X-
rays, while the 2θ values correspond to specific lattice 
planes of the crystalline constituents. The most promi-
nent peaks can be associated with calcium carbonate, 
particularly those observed around 24° to 25° and 29° to 
30°. In particular, the peak near 29.4° is characteristic of 
the (104) plane of calcite, confirming the presence of 
CaCO3 in the specimen. In addition, the peaks detected at 
higher diffraction angles may be attributed to other crys-
talline phases present in the cementitious matrix, includ-
ing hydration products and mineral constituents. The in-
corporation of nano-CaCO3 may also act as a nucleation 
site, contributing to microstructural refinement and sup-
porting the mechanical performance of the concrete. 

Similarly, Fig. 14 shows the XRD pattern of the 
5NC10PP specimen, which also exhibits several sharp 
peaks indicating well-defined crystalline phases. The 
most prominent peaks appear around 24.77°, 30.61°, 
and 50.07° 2θ, suggesting the presence of calcite and 
other crystalline compounds in the matrix. Moreover, 
several smaller peaks are distributed across the diffrac-
tion range, indicating minor phases that may be associ-
ated with cement hydration products such as calcium sil-
icate hydrates and ettringite. The higher CaCO3 content 
in this mixture may explain the stronger calcite-related 
reflections. Although PET-related phases are difficult to 
identify directly because of peak overlap and the poly-
meric nature of PET, the XRD pattern still confirms that 
the concrete contains the expected crystalline compo-
nents of a modified cementitious composite. 

 

4. Numerical Verification Through Software 

The compressive strength data for concrete speci-
mens 0NC0PP, 0NC10PP, 2NC10PP, 3NC10PP, 4NC10PP, 
and 5NC10PP were verified using ANSYS Workbench 
2024 R2. The comparison between the experimental and 
numerical results is shown in Fig. 15. A standard-sized 
concrete cube with dimensions of 150 mm × 150 mm × 
150 mm was modeled in ANSYS Workbench 2024 R2. To 
analyze the stress distribution of the concrete cube, the 
following procedure was adopted: 
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 First, a new static structural analysis system was cre-
ated in the Workbench project. After that, the geome-
try was defined, and a cube with the specified dimen-
sions was created. 

 Material properties were assigned by selecting con-
crete and inputting the experimental density value. 

 Other relevant material properties such as Young's 
modulus and Poisson's ratio were also assigned. 

 The analysis then proceeded to the meshing stage by 
generating a suitable mesh for the cube. In this setup, 
boundary conditions were applied by fixing one face 
of the cube to simulate a fixed support. 

 A load was then applied on the opposite face in the 
negative y-axis direction. 

 After setting up the boundary conditions and loading, 
the model was solved. 

 Once the solution was complete, the results were re-
viewed by plotting the equivalent (von Mises) stress 

distribution to understand the stress behavior within 
the concrete cube under the given loading conditions. 
Table 6 presents the comparison between the experi-
mental and analytical data. 

Table 6. Compressive strength at 28th day (MPa). 

Concrete mix Experiment Numerical 

0NC0PP 52.49 53.23 

0NC10PP 54.675 55.12 

2NC10PP 47.21 47.59 

3NC10PP 43.17 43.75 

4NC10PP 41.73 42.57 

5NC10PP 38.11 39.14 

 

Fig. 13. XRD data of 2NC10PP. 

 

Fig. 14. XRD data of 5NC10PP. 
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Fig. 15. Comparison of stresses for experimental and numerical approach.

5. Conclusions 

This study examines how PET granules and nano-
CaCO3 affect the fresh, hardened, and microstructural 
properties of M40 concrete. PET granules were used to re-
place 10% of the fine aggregates, and nano-CaCO3 was 
mixed with the cement on a volumetric basis. The PET 
granules were sized to closely match the river sand they 
replaced to reduce any effects from size differences. Based 
on the results, the following conclusions can be drawn: 
 Adding up to 2% nano-CaCO3 with PET granules did 

not affect the workability of the concrete mix. How-
ever, beyond this amount, the workability decreased 
with increasing nano-CaCO3 content, although the re-
duction was minimal. Similarly, the density of the con-
crete decreased as more nano-CaCO3 and PET gran-
ules were added, because PET is lighter than sand.

 Concrete with 10% PET granule content exceeded the
target compressive strength for M40 concrete. The 
compressive strength of concrete increased by 4% 
with 10% PET granules compared to the standard mix.
In contrast, concrete with 2% nano-CaCO3 and 10% 
PET granule content achieved the target strength.

 The compressive strength of CaCO3 concrete is 
slightly lower than that of standard concrete. This is 
due to CaCO3 reacting with the C3A phase of the ce-
ment to form carboaluminate, which partially re-
places ettringite. Consequently, OPC concrete has a
higher compressive strength at 28 days, when the
concrete is fully cured. Since CaCO3 is less reactive 
than cement, its replacement leads to a reduction in 
compressive strength, partly because CaCO3 has min-
imal interaction with cement hydrates and does not
provide the same long-term pozzolanic activity.

 The tensile strength declined with increasing nano-
CaCO3 content, although the change was relatively mi-
nor.

 The inclusion of PET granules up to a 10% replace-
ment ratio positively impacted both flexural strength
and toughness, with the greatest improvements ob-
served in specimens containing 10% PET granules.
However, when nano-CaCO3 was added alongside 
PET, both flexural strength and toughness decreased.

 SEM images revealed a uniform distribution of CaCO3 
in the concrete mix, while the PET granules, being

non-metallic and non-oxide, are not directly detecta-
ble by EDS but contribute to the mechanical and du-
rability properties of the concrete. 

 The XRD pattern provides a fingerprint of the crystal-
line components present in the concrete sample. By an-
alyzing the peaks and their positions, one can deduce 
the presence and concentration of specific phases, such 
as calcium carbonate from the nano-CaCO3 and other 
crystalline constituents of the concrete. The incorpora-
tion of nano-CaCO3 and PET granules is aimed at im-
proving the mechanical and durability properties of the 
concrete, which is reflected in the XRD pattern through 
the identified phases and their intensities.

 The results of this study, in terms of compressive 
strength, tensile strength, and flexural strength, were
notably higher compared to findings reported in the
literature, especially for concrete mixtures containing
10% PET granules.

 The compressive strength of concrete containing
nano-CaCO3 with PET granules was found to be nearly
similar to the results predicted by ANSYS.
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A B S T R A C T 

The incorporation of bacteria into concrete has emerged as a promising strategy to 
enhance mechanical performance. This study presents a comprehensive experi-

mental and numerical investigation into the behavior of fibrous concrete incorporat-

ing two bacterial strains—Bacillus megaterium (BM) and W1 at a dosage of 0.25% of 

cement weight, combined with either steel or polypropylene fibers. A multiscale ex-

perimental program was carried out, including compressive, tensile, and flexural 
tests, along with structural slab evaluation and analytical validation. Results revealed 

significant strength enhancements due to the steel fiber–BM combination, with com-

pressive strength improvements of 42%, 52%, and 31% at 7, 28, and 90 days, respec-

tively, compared to the control. Using polypropylene fiber–W1 mixes, recorded ten-

sile strength gains reached nearly 19%. Flexural strength increased by up to 30% in 

90 days, confirming the synergistic effect of fiber crack-bridging and bacterial pre-

cipitation. Structural performance was further assessed through four-point bending 

tests on reinforced slabs (1.0 m × 0.5 m × 0.05 m), where bacterial–fibrous concretes 

exhibited superior ductility and load capacity compared to the control. Reinforcing 

with steel plates proved more effective than glass fiber laminates, achieving 15–17% 

higher ultimate loads. A finite element model developed in Abaqus/CAE using the 

Concrete Damaged Plasticity model accurately replicated the experimental load–de-
flection responses, validating the proposed approach. Overall, the results demon-

strate that integrating bacteria with fibers and external reinforcement can substan-

tially enhance both material- and structural-scale performance, highlighting its po-

tential for durable, high-performance concrete applications. These findings under-

line the potential of fibrous concrete as a sustainable, durable, and cost-effective so-

lution for future structural applications. 
 

 

A R T I C L E   I N F O 

Article history:  

Received ‒ October 6, 2025 

Revision requested ‒ November 10, 2025 

Revision received ‒ December 5, 2025 

Accepted ‒ December 11, 2025 
 
Keywords: 

Bacteria 

Polypropylene fiber 

Steel fiber 

Glass fiber 

Fibrous concrete 

Self-healing concrete 

Steel plates 
  

 
This is an open access article distributed 
under the CC BY licence. 

© 2026 by the Authors. 
 

Citation:   Youssef MM, Bashandy AA, Abbas RN, Nasser AAH (2026). Effect of bacteria and fibers on the mechanical and structural behavior of self-
healing fibrous concrete. Challenge Journal of Concrete Research Letters, 17(1), 13–29. 

1. Introduction 

For decades, engineers and scientists have strived to 
extend the service life of structures and components 
through research and innovation. One promising strat-
egy is the development of bio-enhanced composite ma-
terials (Igbokwe et al. 2022). Concrete remains the most 
widely used material in the global construction industry 

due to its affordability, durability, high compressive 
strength, thermal mass, and versatility. However, con-
crete exhibits low tensile strength and high compressive 
strength, making cracking inevitable (Puranik et al. 
2019). Once cracks appear, the lifespan of concrete 
structures can be significantly reduced. Although vari-
ous crack repair methods exist, they are often costly and 
time-consuming. A major concern is the increased risk of 
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structural failure caused by cracks under service condi-
tions, which may result from factors such as general 
loading, drying shrinkage, creep, and thermal stresses 
(Ganesh et al. 2020). These cracks create pathways for 
aggressive chemicals and fluids to penetrate, leading to 
deterioration of the embedded reinforcement or cement 
matrix. Since cracking in concrete structures during 
their service life is unavoidable, enhancing material per-
formance and potentially facilitating crack closure solu-
tions has become essential. Self-healing involves the for-
mation of solid substances within cracks through chem-
ical or physical reactions, thereby blocking the ingress of 
harmful agents (Ji et al. 2020). Today, concrete contin-
ues to dominate infrastructure construction worldwide 
is provided by the works of Mutitu (2009) and Wachira 
et al. (2019). 

In recent years, self-healing concrete has emerged as 
a promising innovation in the construction industry (de 
Brito and Kurda 2021). Concrete structures are often ex-
posed to harsh environmental conditions that compro-
mise durability, leading to expansion, cracking, and po-
tential structural failures. These issues not only reduce 
service life but also increase maintenance costs and 
safety risks. To address these challenges, researchers 
have focused on developing smart concrete solutions 
that incorporate self-healing technologies to enhance re-
silience and longevity. Self-healing mechanisms are par-
ticularly beneficial in inaccessible or hazardous environ-
ments, where conventional repair methods are imprac-
tical. By autonomously sealing cracks and preventing the 
ingress of harmful agents, self-healing concrete offers a 
sustainable approach to maintaining structural integrity 
under demanding conditions (Helal et al. 2024). Later re-
search focuses on biotechnology and civil engineering 
aspects of developing self-healing concrete. The global 
demand for buildings has driven the widespread use of 
concrete since the era of ancient Rome (Ryparova et al. 
2021). However, conventional repair methods present 
several drawbacks, including operational limitations 
during reconstruction, mismatched thermal expansion 
between the base matrix and repair material, and poten-
tial environmental hazards (Griño et al. 2023). 

The combination of fibers and bacteria accelerates the 
self-repair process in concrete. Bacteria such as Bacillus 
subtilis and Bacillus sphaericus produce calcium car-
bonate (CaCO₃) which fills the cracks, while fibers help 
in reducing crack width and providing a scaffold for the 
deposition of healing materials (Su et al. 2021). 

The development of bio-based self-healing concrete 
seeks to minimize durability problems caused by crack-
ing. Consequently, scientists are exploring various self-
repair techniques (Ahmed et al. 2021; Mohammed et al. 
2020; Ryparova et al. 2021; Xu et al. 2020). Innovative 
bio-materials that enhance calcite precipitation have 
been designed to facilitate the self-healing of cracks (İsar 
et al. 2023; Nasser et al. 2022; Nimafar et al. 2023; Ry-
parova et al. 2021; Singh et al. 2023). Incorporating spe-
cific microorganisms into cementitious materials is rec-
ognized as a cost-efficient and environmentally friendly 
approach for repairing micro-cracks. The microbial self-
healing mechanism presents a highly promising solu-
tion, as it enables continuous crack healing, resulting in 
significant enhancement of the physico-mechanical 

properties of bio-concrete (Ahmed et al. 2021; Moham-
med et al. 2020; Ryparova et al. 2021; Saridhe and Selva-
raj 2021). Microbial-induced calcite precipitation (MICP) 
is a biological process in which specific microorganisms 
facilitate the formation of calcite through various mech-
anisms (Ryparova et al. 2021; Sadeghpour and Bara-
daran 2023). As a result, it enhances the mechanical and 
structural properties of concrete structures without the 
need for expensive or time-intensive repairs. The inclu-
sion of fibers and bacteria improves the compressive 
strength, tensile strength, and flexural strength of con-
crete. For instance, the use of natural fibers like flax and 
coir has shown substantial improvements in crack-heal-
ing and compressive strength (Rauf et al. 2020). The bio-
induced precipitation of calcite, driven by microbial met-
abolic activity within the concrete matrix, enhances ma-
terial durability and represents a natural self-healing 
mechanism (Ahmed et al. 2021; Rossi et al. 2021; Roy et 
al. 2021). Microbial self-healing in bio-concrete typically 
involves two metabolic pathways: one through urea hy-
drolysis by Ureolytic bacteria and the other through res-
piration by non-Ureolytic bacteria (Rossi et al. 2021; Ry-
parova et al. 2021; Xu et al. 2020). In this context, Ureo-
lytic bacteria like Bacillus megaterium and W1 have at-
tracted significant attention in bio-cementation meth-
ods. Both bacterial strains are commonly found in soil 
and aquatic environments. They are Gram-positive, aer-
obic, rod-shaped, non-pathogenic organisms that ex-
hibit urease activity and can tolerate highly alkaline 
conditions (Bakr et al. 2024; Su et al. 2021; Islam and 
Waseem 2023; Han et al. 2020). Certain bacterial spe-
cies can hydrolyze urea into carbonate ions and ammo-
nium (Nasser et al. 2022; Wang et al. 2023). The result-
ing ammonia increases the pH, which promotes calcite 
precipitation within micro-cracks, effectively sealing 
them (Tang and Xu 2021). Utilizing sustainable, eco-
friendly biomaterials in construction offers an alterna-
tive to conventional chemical-based methods, reducing 
potential environmental and health risks (Ryparova et 
al. 2021; Nasser et al. 2022). In line with this approach, 
the present study aims to develop a novel sustainable 
bio-concrete incorporating ureolytic bacteria. The re-
search evaluates the physical and mechanical proper-
ties of the bio-concrete at different curing stages and 
highlights the quantifiable improvements in compres-
sive, tensile, and flexural performance attributed to the 
inclusion of bacteria and fibers. (Ahmed et al. 2021; Nas-
ser et al. 2022; Zahran et al. 2014).Despite several stud-
ies on self-healing concrete, few investigations have 
compared the effects of multiple bacterial types com-
bined with different fiber reinforcements. Moreover, 
limited research has addressed the correlation between 
mechanical properties at the material scale and struc-
tural performance. These gaps justify the current study, 
which aims to evaluate the combined effect of bacterial 
self-healing and fiber reinforcement on both material 
and structural behavior of concrete. 
 

2. Research Significance 

This research highlights the promising role of com-
bining bacterial self-healing technology with fiber rein-



 Youssef et al. / Challenge Journal of Concrete Research Letters (2026) 17(1) 13–29 15 

 

forcement in enhancing concrete performance. The re-
search significance lies in providing a systematic under-
standing of the mechanical behavior and structural per-
formance of self-healing concrete reinforced with fibers, 
as well as external reinforcement. 

The novelties of this investigation are three points: (i) 
obtaining fibrous self-healing concrete using polypro-
pylene fibers or steel fibers, (ii) a comparative study on 
the combined two bacterium types, Bacillus megaterium 
and W1, to obtain self-healing concrete, and (iii) the eval-
uation of the structural performance of fibrous self-heal-
ing concrete slabs. These findings will support research-
ers and engineers in adopting such a concrete type in 
construction practices. By validating these benefits, the 
study contributes to advancing innovative materials that 
align with the growing global demand for resilient and 
eco-friendly construction practices. 
 

3. Experimental Program 

The experimental program was designed to evaluate 
the mechanical performance of bio-concrete incorporat-
ing bacteria and fibers. The overall procedure is summa-
rized in the flow chart (Fig. 1). 

 

3.1.   Materials 

3.1.1. Cement 

Ordinary Portland Cement (OPC, CEM I 42.5N) was 
used, sourced from El Sewedy Cement, Egypt. The spe-
cific Gravity is 3.15 (dimensionless). The cement com-
plied with the requirements of the Egyptian Standard 
Specifications (E.S.S. 4756-1/2022 (2022)). A fixed ce-
ment content of 500 kg/m³ was adopted for all mixes. 

 
Fig. 1. Flow chart of research methodology. 

 

Experimental Program 

Materials 
Mix Design 

Preparation 

Casting of 

Specimens 

Curing of 

Specimens 

Testing  

Procedures 

Results & 

Analysis 

Cement  

(OPC 42.5N) 

Fine aggregate 

Coarse 

aggre-

Fibers 

(steel,  

polypropylene) 

Mineral  

admixture  

(silica fume) 

Bacteria 

(BM, W1) 

Mix proportions  

(cement, sand, gravel, 

water, admixtures,  

fibers) 

Bacteria dosage  

(0.25% of cement 

weight) 

Mixing procedure 

(dry + wet mixing 

sequence 

Types of specimens 

(cubes, cylinders, 

beams) 

Number of  

samples per mix 

Normal water 

curing 

Bacteria curing 

conditions 

Compressive 

strength test 

Splitting 

tensile 

strength test 

Flexural 

strength test 

Tables & 

graphs 

Comparison 

with control 

mix 

Experimental vs 

ABAQUS comparison 

Chemical  

admixture 

(ViscoCrete) 

Slabs (14 specimens, 

strengthened with steel 

plates & glass fiber) 

Slab testing 

under loading 

Discussion 

vs previous 

studies 

Numerical Simulation 

(ABAQUS-FEA) 

Modeling of 

slabs 

Validation with 

experimental  

results 



 Youssef et al. / Challenge Journal of Concrete Research Letters (2026) 17(1) 13–29 16 

 

3.1.2. Water 

Fresh tap water, free from impurities, was used for 
casting and curing of all mixtures. The water-to-cement 
(W/C) is 0.42 for all mixes. 

3.1.3. Fine aggregates 

Well-graded sand was used as fine aggregate to mini-
mize the void ratio. Standard characterization tests were 
conducted in accordance with ASTM procedures, includ-
ing water absorption, specific gravity, and fineness mod-
ulus analysis. The results are presented in Table 1. 

3.1.4. Coarse aggregates 

Locally sourced crushed limestone with a maximum 
nominal size of 20 mm was employed as coarse aggre-
gate. Characterization results for both fine and coarse 
aggregates are also summarized in Table 1. 

Table 1. Physical properties of aggregate. 

Physical property Fine aggregate Coarse aggregate 

Specific gravity 2.60 2.62 

Fineness modulus 2.36 4.1 

Bulk density 1702 kg/m3 1456 kg/m3 

Water absorption 0.85% 2% 

3.1.5. Admixtures 

Silica fume:  
Silica fume (commercial product: Sika Fume, sup-

plied by Sika Egypt) was incorporated as a supplemen-
tary cementitious material. The material consists of ul-
tra-fine amorphous silicon dioxide particles with an av-
erage size of approximately 0.1 μm. In fresh concrete, 
silica fume enhances cohesion and water retention, 
while in hardened concrete, it chemically reacts with 
calcium hydroxide (free lime) released during cement 
hydration, forming additional calcium silicate hydrate 
(C–S–H) gel. This secondary hydration product densifies 
the microstructure and improves both strength and du-
rability. The technical properties of the silica fume used 
in this study are summarized in Table 2. 
 
Water-reducing admixture:  

A high-range water-reducing admixture, Sika Vis-
coCrete®-3425, was used to enhance the workability of 
fresh concrete. This admixture is particularly suitable 
for producing mixes with high early strength develop-
ment, significant water reduction, and superior flowa-
bility. It is chloride-free and does not contain any com-
ponents that may accelerate steel reinforcement corro-
sion, thus making it appropriate for use in both rein-
forced and prestressed concrete. The main technical 
characteristics of Sika ViscoCrete®-3425 are provided 
in Table 3.

Table 2. Technical data of silica fume (obtained from the manufacturer). 

Particle size (silicon dioxide) ~ 0.1 µm 

Appearance / Color Grey powder 

Bulk density 300 kg/m3 

Dosage 2–10% by weight of cement (in this product) for optimum results 

SiO₂ ≥ 85% 

Specific gravity 2.3 

Specific surface area > 20 m²/g 

Table 3. Technical data of superplasticizer used,  
"Sika ViscoCrete" (obtained from the manufacturer). 

Base Aqueous solution of modified polycarboxylates 

Appearance/Color Clear liquid 

Density 1.08 kg/It (ASTM C494) 

pH value 4.0 

Solid content 40% by weight. 

3.1.6. Fibers and plates 

Steel (as internal and external reinforcement): 
Steel fibers (Fig. 2) with a density of 7850 kg/m³, a 

length of 3 cm, and an equivalent diameter of 0.2 mm 
were employed. These fibers exhibit an aspect ratio of 
150. The fibers were procured from the Chemical for 
Modern Building Company, Egypt. 

Steel plates (Fig. 2) with a thickness of 2 mm and a 
width of 5 cm along the slab span were employed as ex-
ternal reinforcement. The plates were sourced from lo-
cally fabricated by a certified metal workshop in Egypt. 

Polypropylene fiber (as internal reinforcement): 
The properties of polypropylene are governed by fac-

tors such as crystallinity, comonomer type and propor-
tion, molecular weight, molecular weight distribution, 
and isotacticity. In this study, polypropylene fibers with 
a diameter of 0.05 mm, a length of 12 mm, and a density 
of 900 kg/m³ were incorporated into bio-concrete. 
These fibers exhibit an aspect ratio of 240, a tensile 
strength of 400 MPa, and a modulus of elasticity of 3.5 
GPa. The fibers were supplied by the Chemical for Mod-
ern Building Company, Egypt. 
 
Glass fiber (as external reinforcement): 

The CMB glass fiber is characterized by its lightweight 
nature, non-corrosiveness, and high durability. The fi-
bers employed in this study had an average diameter of 
14 μm, a length of 12 mm, a thickness of 1 mm, and a 
density of approximately 2,600 kg/m³. They exhibit a 
tensile strength of 1,700 MPa and a modulus of elasticity 
ranging from 70 to 80 GPa. These fibers exhibit an aspect 
ratio of 857.  
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Fig. 2. Demonstration of the test materials.

3.1.7. Bacteria  

Two bacterial strains were employed to induce micro-
bial calcium carbonate precipitation (MICP) within the 
concrete matrix: Bacillus megaterium and strain W1. B. 
megaterium is a well-documented spore-forming bacte-
rium widely recognized for its high urease activity, toler-
ance to alkaline environments, and compatibility with ce-
mentitious systems, whereas strain W1 was selected for 
its superior adaptability to harsh conditions and en-
hanced efficiency in calcium carbonate precipitation. Both 
strains are non-pathogenic, rod-shaped, Gram-positive 
bacteria capable of surviving the high-pH environment of 
concrete, as illustrated in Fig. 3. For cultivation, isolates 
were grown in Nutrient Broth (NB) medium containing 10 
g/L peptone, 5 g/L sodium chloride (NaCl), and 10 g/L 

beef extract. To stimulate urease activity, the medium was 
supplemented with 20 g/L urea, and the pH was adjusted 
to 9.0–9.5 using 1 M NaOH. Cultures were incubated aero-
bically at 30 ± 2 °C in 2 L Erlenmeyer flasks under constant 
agitation at 150 rpm for 72–96 h. Growth was monitored 
by optical density at 600 nm (OD₆₀₀), and cells were har-
vested at OD ≈ 1.0 (≈10⁸ CFU/mL), which was used as the 
working concentration for concrete mixing. To minimize 
contamination, bacterial suspensions were washed twice 
with sterile saline solution (0.9% NaCl) and resuspended 
in fresh medium immediately before use. 

BM is gram-positive, spore-forming, effective at 
CaCO₃ precipitation, moderately alkali-tolerant. W1 is 
gram-negative, non-spore-forming, highly resistant to 
alkalinity and salinity, less studied but suitable for ex-
treme conditions.

 
Fig. 3. Bacteria strains Bacillus megaterium and W1.  
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3.1.8. External reinforcement 

Two types of reinforcement were used as external re-
inforcement for the slab samples used. Both reinforce-
ment types were fixed on the bottom surface of the slabs 
(tension zone). The first type is steel plates with a thick-
ness of 2 mm and a width of 5 cm along the slab span. 
Plates were fixed on the bottom surface of the slabs by 
using adhesive material to bond the concrete and steel 
plates. The adhesive used was Kima Poxy 165, which was 
obtained from the CMB Company in Egypt. The second 
type was glass fibre laminates, with the same width of 
steel plates (5 cm). Glass fibre laminates were fixed using 
polyester resin (Boytek). 

3.2. Concrete mixing and mechanical testing 

Concrete mixing was carried out in three successive 
stages. First, all dry constituents—including cement, fine 
aggregate, coarse aggregate, silica fume, and fibers—
were blended for 2 min to ensure uniform distribution. 
In the second stage, 75% of the total mixing water, com-
bined with the required dosage of superplasticizer 
(Sika ViscoCrete®-3425) and bacterial suspension 
(proportional to cement weight), was gradually added, 
followed by an additional 2 min of mixing. Finally, the 
remaining 25% of water, superplasticizer, and any re-
sidual fibers were incorporated, and mixing continued 
for 4 min until homogeneity was achieved. The fresh 
bio-concrete was cast into pre-oiled molds, compacted, 
demolded after 24 h, and then cured under controlled 
conditions until the designated testing ages. Addition-
ally, the curing method under controlled conditions has 
been specified. All concrete specimens were cured at 26 
± 2 °C and 95% relative humidity for the designated cur-
ing period. 

Six concrete mixes were prepared: a control mix, fi-
ber-reinforced mixes using steel or polypropylene fi-

bers, and bacteria-enhanced mixes using two bacterial 
strains (BM and W1) with and without fiber inclusion. All 
mixes contained a constant cement content of 500 
kg/m³, a W/C ratio of 0.42, and 10% silica fume replace-
ment. The primary variable among the mixes was the 
type of fiber (steel or polypropylene) and the type of bac-
teria (BM or W1), added at 0.25% of cement weight. The 
mixed proportions are summarized in Table 4. The con-
crete mix proportions were designed according to ACI 
211.1 (2009). The tests were conducted in accordance 
with ASTM C1609 (2019) using a displacement-con-
trolled rate of 0.5 mm/min. Mechanical performance 
was evaluated in accordance with ES 1072/2008 (2008), 
ES 1658/2018 (2018), as follows: 
 Compressive strength: Cubic specimens (100 × 100 × 

100 mm) were tested after 7, 28, and 90 days. Re-
ported values represent the mean of three replicates. 

 Splitting tensile strength: Cylindrical specimens (100 
× 200 mm) were tested after 28 and 90 days, with re-
sults averaged from three replicates. 

 Flexural strength: Prismatic specimens (100 × 100 × 
500 mm) were subjected to three-point bending in 
accordance with ASTM E399 (2020) at 28 and 90 
days. 

 Slab samples: Fourteen slab specimens (1000 × 500 × 
50 mm with an effective span of 960 mm) were cast 
to evaluate structural performance. All slab, tested 
under four-point bending, up to failure. The slabs 
rested on two supports, a hinged one and a roller 
one. One slab was tested as a control slab. The other 
slabs were reinforced using two reinforcement 
methods: glass fiber laminates bonded with polyes-
ter resin (Boytek) and steel plates bonded with 
structural epoxy adhesive (CMB Epoxy 165). The re-
inforcing scheme is illustrated in Fig. 4. Effective span 
is 900 mm with simply supported boundary condi-
tions allowing free rotation but no vertical displace-
ment.

Table 4. Content of concrete mixes. 

Mix 
Cement 
(kg/m3) 

Water 
(kg/m3) 

Aggregates (kg/m3) Admixtures (kg/m3) 
Fiber type & dosage  

(volume fraction) 

Bacteria type 
(by weight of ce-

ment) Coarse  
aggregate 

Fine  
aggregate 

Visco-Crete 
Silica 
fume 

Control mix 500 210 1000 640 4 50 ‒ ‒ 

Mix 1  
(ST) 

500 210 1000 640 4 50 
Steel fiber 0.3% 

(23.5 kg/m3) 
‒ 

Mix 2  
(PP) 

500 210 1000 640 4 50 
Polypropylene fiber 0.3% 

(2.7 kg/m3) 
‒ 

Mix 3  
(BMS) 

500 210 1000 640 4 50 
Steel fiber 0.3% 

(23.5 kg/m3) 
BM 

(0.25%) 

Mix 4  
(BMP) 

500 210 1000 640 4 50 
Polypropylene fiber 0.3% 

(2.7 kg/m3) 
BM 

(0.25%) 

Mix 5  
(W1S) 

500 210 1000 640 4 50 
Steel fiber 0.3% 

(23.5 kg/m3) 
W1 

(0.25%) 

Mix 6  
(W1P) 

500 210 1000 640 4 50 
Polypropylene fiber 0.3% 

(2.7 kg/m3) 
W1 

(0.25%) 
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Fig. 4. Glass fiber laminates and steel plate as external reinforcement.

4. Test Results 

4.1.  Fresh concrete properties 

The flowability of fresh concrete mixes was assessed 
using the slump-flow spread test, and the measured val-
ues are reported in mm. Although some mixes exhibited 
high spread values, the concrete was not classified as self-
compacting concrete (SCC). The slump-flow measure-
ments are presented only as relative indicators of mixture 
flowability, and no segregation was observed during cast-

ing. The presence of high-range water-reducing admix-
tures (superplasticizers) and fibers can significantly influ-
ence workability. In this method, fresh concrete was 
placed in a cone mold, which was then lifted vertically to 
allow free spreading of the mix. The average spread diam-
eter was determined by measuring in two perpendicular 
directions. Spread of fresh concrete is measured to indi-
cate relative flowability. The mixes were not classified as 
self-compacting concrete (SCC); values are presented as 
indicators of workability only in Fig. 5, and the flowability 
results for bio-concrete mixes are summarized in Table 5.

 

Fig. 5. Flowability of fibrous bio-concrete. 

Table 5. Flowability of bio-concrete. 

Mix Control Mix 1 (ST) Mix 2 (PP) Mix 3 (BMS) Mix 4 (BMP) Mix 5 (W1S) Mix 6 (W1P) 

Flow (mm) 650 730 600 600 550 620 570 

4.2. Hardened concrete properties 

Structural performance was assessed based on slab 
deflection, ultimate load, and first cracking load. Com-
pressive strength results at 7, 28, and 90 days, as well as  

 
splitting tensile and flexural strengths at 28 and 90 days, 
are summarized in Table 6. The mechanical properties of 
hardened concrete for the six investigated mixes are pre-
sented in Table 6. 
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Table 6. Mechanical properties of hardened concrete (MPa). 

Mix 
Compressive strength  Splitting tensile strength  Flexural strength 

7 days 28 days 90 days 28 days 90 days 28 days 90 days 

Control 26.67 34.33 44.67 2.34 2.44 2.67 3.55 

Mix 1 33.67 46.33 58.30 2.65 2.87 3.04 4.35 

Mix 2 35.00 45.00 51.33 2.61 2.65 2.70 4.35 

Mix 3 33.67 49.00 51.67 2.60 2.70 3.74 4.49 

Mix 4 31.00 45.33 50.00 2.65 2.76 3.21 4.94 

Mix 5 42.30 52.67 58.67 2.50 2.79 3.04 4.80 

Mix 6 37.67 52.00 54.00 2.44 2.90 3.31 4.82 

4.2.1. Compressive strength  

The compressive test setup is illustrated in Fig. 6. The 
average compressive strength of different mixes at 7, 28, 
and 90 days is shown in Fig. 7. Conventional concrete 
achieved strengths of 26.6, 34.3, and 44.6 MPa at these 
ages, respectively.  All modified mixes exhibited higher 
values, with improvements ranging from 15% to 59% 
compared to the control, as follows: 
 Steel fiber mix: 33.6, 46.3, and 58.3 MPa at 7, 28, and 

90 days, reflecting increases of 26.3%, 34.9%, and 
30.7%. 

 Polypropylene fiber mix: 35, 51, and 51.3 MPa, with 
gains of 31.5%, 48.6%, and 15%. 

 Bacillus megaterium + Steel fiber: 33.6, 49, and 51.6 
MPa, corresponding to increases of 26.3%, 42.8%, and 
15.6%. 

 Bacillus megaterium + Polypropylene fiber: 31, 45.3, 
and 61 MPa, yielding improvements of 16.5%, 32%, 
and 36.7%. 

 Bacterial W1 + Steel fiber (Mix 5): 42.3, 52.6, and 58.6 
MPa, the highest overall gains of 59%, 53%, and 31%. 

 Bacterial W1 + Polypropylene fiber: 37.6, 52, and 54 
MPa, showing increases of 41.3%, 51.6%, and 21%. 
Notably, the maximum strength of the control mix 

(34.3 MPa at 28 days) was matched or exceeded by bac-
terial–fiber concretes within just 7 days of curing, high-
lighting the enhanced bonding and accelerated strength 
development due to the fiber–bacteria interaction. 

Overall, compressive strength results confirmed sub-
stantial improvements for all modified mixes. The pre-
dicted maximum load at failure closely matched the exper-
imental ultimate load. The highest strength was obtained 
in Mix 5 (W1 + Steel fibers), reaching 58.67 MPa at 90 days, 
a 31.3% increase over the control. This enhancement is at-
tributed to the synergistic effect of steel fibers (improved 
crack-bridging) and bacterial activity (calcium carbonate 
precipitation and densification of the microstructure). 

These findings are consistent with previous studies 
(Helal et al. 2024; Mostofinejad et al. 2022), which re-
ported strength gains above 37% when bacterial treat-
ment was combined with steel fibers. Long-term studies 
extending to 180 days have even shown increases ex-
ceeding 45% using similar hybrid approaches.

 

Fig. 6. Compressive strength test. 
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Fig. 7. The compressive strength test results.

4.2.2. Flexural strength 

The loading test using the three-point loading system 
is illustrated in Fig.8. The mean flexural strength values 
of the tested mixes at 28 and 90 days are presented in 
Fig. 9. Conventional concrete achieved 2.66 MPa and 
3.50 MPa at 28 and 90 days, respectively. All modified 
mixes exhibited higher values, with notable improve-
ments depending on the type of fiber and bacterial addi-
tion, as follows: 
 Steel fiber mix: 3.04 and 4.30 MPa, representing in-

creases of 14.3% and 22.8%. 
 Polypropylene fiber mix: 2.70 and 4.35 MPa, with 

gains of 1.5% and 24.2%. 
 Bacillus megaterium + Steel fiber: 3.74 and 4.49 MPa, 

yielding improvements of 40% and 28.2%. 
 Bacillus megaterium + Polypropylene fiber: 3.22 and 

4.94 MPa, with increases of 21% and 41.1%. 
 Bacterial W1 + Steel fiber: 3.04 and 5.87 MPa, the 

highest gain at 90 days, corresponding to 14.2% and 
67.6%. 

 Bacterial W1 + Polypropylene fiber: 3.31 and 4.82 
MPa, showing 24.4% and 37.7% improvements. 

A key observation is that the flexural strength at-
tained by conventional concrete at 90 days was reached 
by bacterial fiber-reinforced concrete within 28 days, 
demonstrating accelerated strength development due to 
the synergistic effect of bacterial activity and fiber rein-
forcement. 

Prism tests confirmed these findings, with the control 
mix recording 3.55 MPa at 90 days. The maximum value 
was observed in Mix 4 (BM + polypropylene fiber), reach-
ing 4.94 MPa, a 39.15% increase over the control. The en-
hanced performance can be attributed to the combined 
action of fibers—which improve ductility and post-crack-
ing load-carrying capacity—and bacterial activity, which 
refines the microstructure through calcium carbonate 
precipitation, thereby enhancing stiffness and toughness. 

These results align well with previous studies (Helal 
et al. 2024), which reported flexural strength increases 
of up to 50% for bacterial concrete reinforced with steel 
fibers. The consistency of outcomes reinforces the evi-
dence that microbial self-healing coupled with fiber re-
inforcement produces a significant synergistic effect, 
making bio-concrete a promising solution for durable 
structural applications.

 

Fig. 8. Flexural strength samples and test setup using a three-point loading system. 
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Fig. 9. The flexural strength test results.

The incorporation of fibers and bacterial strains sig-
nificantly enhanced both compressive and flexural 
strengths of concrete, as shown in Table 7. Steel and pol-
ypropylene fibers improved load-bearing capacity and 
ductility by bridging microcracks, while bacterial activ-
ity (Bacillus megaterium and W1) promoted calcium car-
bonate precipitation, densifying the matrix and acceler-
ating strength development.  

Notably, W1-based mixes combined with steel fibers 
achieved the highest gains, with compressive and flex-

ural strengths increasing up to 53% and 67.6%, respec-
tively, and reaching conventional 90-day performance 
within 28 days. These results confirm a synergistic effect 
between fiber reinforcement and microbial self-healing, 
consistent with previous studies reporting 37–50% im-
provements under similar hybrid approaches (Helal et 
al. 2024; Mostofinejad et al. 2022). The findings highlight 
the potential of bacterial fiber-reinforced concrete for 
applications requiring early-age strength and enhanced 
durability.

Table 7. Effect of fiber reinforcement and bacterial addition on concrete mechanical properties. 

Mix Description 
Compressive  

strength (MPa) 
Increase vs.  

Control 
Flexural  

strength (MPa) 

Increase 
vs.  

Control 

Control Control mix 34.3 (28d) – 3.50 (28d) – 

Mix 1 Steel fiber 46.3 34.9% 4.30 22.8% 

Mix 2 Polypropylene fiber 51.0 48.6% 4.35 24.2% 

Mix 3 BM + Steel fiber 49.0 42.8% 4.49 28.2% 

Mix 4 BM + Polypropylene fiber 45.3 32.0% 4.94 41.1% 

Mix 5 W1 + Steel fiber 52.6 53.0% 5.87 67.6% 

Mix 6 W1 + Polypropylene fiber 52.0 51.6% 4.82 37.7% 

4.2.3. Indirect tensile strength  

The splitting tensile test setup is illustrated in Fig. 10. 
The mean splitting tensile strength of the tested concrete 
mixes at 28 and 90 days is presented in Fig. 11. Conven-
tional concrete exhibited values of 2.34 MPa and 2.44 
MPa at 28 and 90 days, respectively. All modified mixes 
showed improved performance, with the magnitude of 
increase depending on the type of fiber and bacterial ad-
dition: 
 Steel fiber: 2.65 and 2.87 MPa (+13.2%, +17.6%). 
 Polypropylene fiber: 2.76 and 2.65 MPa (+17.9%, 

+8.6%). 
 Bacillus megaterium + Steel fiber: 2.60 and 2.70 MPa 

(+11.1%, +10.6%). 
 Bacillus megaterium + Polypropylene fiber: 2.65 and 

2.76 MPa (+13.2%, +13.1%). 
 W1 + Steel fiber: 2.50 and 2.50 MPa (+6.8%, +2.5%). 

 W1 + Polypropylene fiber: 2.44 and 2.90 MPa (+4.2%, 
+18.9%), achieving the highest tensile strength overall. 
The results demonstrate that fiber addition enhances 

tensile capacity due to its inherent mechanical proper-
ties, while bacterial incorporation contributes further 
improvements via microbial calcium carbonate precipi-
tation, which densifies the matrix and fills nanopores. 
Notably, Mix 6 (W1 + polypropylene fiber) recorded the 
highest 90-day splitting tensile strength of 2.90 MPa, 
representing an 18.8% increase over the control. Steel fi-
ber mixes also showed substantial gains, reaching 2.87 
MPa in 90 days (17.6% improvement). 

These observations align with previous studies (Helal et 
al. 2024; Hosseinzadeh et al. 2023), where bacterial activ-
ity combined with fiber reinforcement enhanced splitting 
tensile strength by 17–31% over conventional concrete, 
confirming the synergistic effect of fibers and microbial 
self-healing in improving concrete tensile performance.  
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Fig. 10. Splitting tensile strength molds and test setup. 

 

Fig. 11. Splitting tensile strength test results.

4.3. Behavior of fibrous self-healing concrete slabs 

To evaluate the relative effectiveness of internal fiber 
reinforcement versus external reinforcement, a total of 
14 concrete slabs were cast and tested under a four-
point bending setup (Fig. 12). Internal reinforcement 
was provided by steel or polypropylene fibers incorpo-
rated into the concrete matrix, while external reinforce-
ment involved bonding steel plates or glass fiber sheets 
to the slab surface. Two dial gauges were installed on 
each slab to measure vertical deflections at mid-span 
and beneath a loading point, capturing both global and 
localized responses. The resulting load–deflection 
curves (Figs. 13‒15) illustrate the influence of different 
reinforcement strategies on stiffness, ductility, and ulti-
mate load capacity. 

The experimental results indicate that fiber-rein-
forced concrete slabs showed improved flexural 
strength and crack control compared to unreinforced 

control slabs, achieving higher loads before the onset of 
cracking. However, slabs externally strengthened with 
steel plates or glass fibers demonstrated significantly 
greater ultimate loads and reduced deflections, high-
lighting the effectiveness of external reinforcement in 
enhancing structural capacity. Notably, the combination 
of bacterial fiber-reinforced concrete with external rein-
forcement produced the highest load-bearing capacity, 
suggesting that internal fibers and microbial self-healing 
provide beneficial pre-crack microstructural improve-
ments, which are further amplified by externally applied 
reinforcement. 

These findings underscore the complementary roles 
of internal fiber reinforcement and external reinforce-
ment: fibers enhance early-age strength, ductility, and 
self-healing, while external reinforcements allow sub-
stantial increases in ultimate flexural capacity, making 
them particularly valuable for retrofitting or strengthen-
ing applications.  
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Fig. 12. Four-point loading test setup for slab samples.

Table 7 presents the experimental results for 14 slabs, 
including ultimate load and displacements/deflection at 
ultimate load. Fig. 13 shows the cracking patterns of the 
tested slabs, while Figs. 14 and 15 show the load-dis-
placement curves. Each slab configuration was tested 
with external steel plates and glass fiber sheets to assess 
the influence of reinforcement on flexural performance. 
Across all six mixes (Table 7), slabs reinforced with steel 
plates consistently exhibited higher ultimate load capac-
ities compared to those strengthened with glass fiber 
laminates, showing increases of approximately 15–30% 
over the control mix. 

These results align with previous studies (İsar et al. 
2023; Xie et al. 2025), which reported ultimate loads of 
96.3 kN for steel-reinforced slabs versus 83.7 kN for 
GFRP-reinforced slabs, corresponding to a performance 
advantage of 15–17% in favor of steel reinforcement. 
The findings confirm that steel plate reinforcement pro-
vides superior flexural and impact resistance compared 
to GFRP-based systems, highlighting its effectiveness for 
structural enhancement of slabs. 

Each slab configuration was tested with external steel 
plates and glass fiber sheets to evaluate the effect of re-
inforcement type on flexural behavior. Across all six 
mixes (Table 7), steel plate–strengthened slabs consist-
ently demonstrated 15–30% higher ultimate load capac-
ities than both the control and their glass fiber–strength-
ened counterparts. These findings are consistent with 
prior research (İsar et al. 2023; Xie et al. 2025), which 
reported ultimate loads of 96.3 kN for steel-reinforced 
slabs versus 83.7 kN for GFRP-reinforced slabs, a 15–
17% performance advantage in favor of steel reinforce-
ment. Overall, the results confirm that steel plate rein-
forcement outperforms GFRP systems in terms of flex-
ural and impact resistance, making it a more effective 
technique for structural slab enhancement. 

The load–deflection responses exhibited clear distinc-
tions among the mixes. Steel fiber reinforcement (Mix 1) 
produced higher peak loads and pronounced ductility, 
whereas PP fibers (Mix 2) primarily enhanced post-
cracking deformation with modest strength gains. Hy-
brid mixes with steel fibers and bacteria (Mixes 3 and 5) 
achieved the greatest improvements in ductility and load 
capacity, reflecting the reported synergy that elevates 

compressive, tensile, and flexural strengths by up to 
55%, 80%, and 50%, respectively. PP fibers with bacte-
ria (Mixes 4 and 6) also improved ductility but attained 
lower peak loads than their steel-fiber counterparts. 
Overall, the steel fiber–bacteria system provided the 
most effective enhancement, combining increased stiff-
ness with superior toughness. 

Each slab configuration was tested with external 
steel plates and glass fiber sheets to evaluate the effect 
of strengthening type on flexural behavior. Across all 
six mixes (Table 8), steel plate–strengthened slabs con-
sistently demonstrated 15–30% higher ultimate load 
capacities than both the control and their glass fiber–
strengthened counterparts. These findings are con-
sistent with prior research (İsar et al. 2023; Xie et al. 
2025), which reported ultimate loads of 96.3 kN for 
steel-reinforced slabs versus 83.7 kN for GFRP-rein-
forced slabs, a 15–17% performance advantage in favor 
of steel reinforcement. Overall, the results confirm that 
steel plate strengthening outperforms GFRP systems in 
terms of flexural and impact resistance, making it a 
more effective technique for structural slab enhance-
ment. 

The load–deflection responses exhibited clear distinc-
tions among the mixes. Steel fiber reinforcement (Mix 1) 
produced higher peak loads and pronounced ductility, 
whereas PP fibers (Mix 2) primarily enhanced post-
cracking deformation with modest strength gains. Hy-
brid mixes with steel fibers and bacteria (Mixes 3 and 5) 
achieved the greatest improvements in ductility and load 
capacity, reflecting the reported synergy that elevates 
compressive, tensile, and flexural strengths by up to 
55%, 80%, and 50%, respectively. PP fibers with bacte-
ria (Mixes 4 and 6) also improved ductility but attained 
lower peak loads than their steel-fiber counterparts. 
Overall, the steel fiber–bacteria system provided the 
most effective enhancement, combining increased stiff-
ness with superior toughness. 

It should be noted that this study does not provide di-
rect microstructural evidence of bacterial-induced 
CaCO₃ precipitation; however, the observed improve-
ments in mechanical properties are based on experi-
mental observations and supported by findings from 
previous studies.   
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Fig. 13. Cracking pattern of investigated slabs. 
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Fig. 14. Load-deflection curve when using glass fiber laminates as external reinforcement. 

 

Fig. 15. Load-deflection curve when using steel plates as external reinforcement. 

Table 8. Comparison between internal and external reinforcement of slabs under a four-point loading system. 

Slab  
no. 

Internal reinforcement 
External 

reinforcement 
Ultimate  
load (kN) 

Mid-span deflection 
at failure (mm) 

Notes 

1 None (Control) Steel plate 8.04 0.8 Baseline 

2 Steel fiber Steel plate 10.69 2.2 Improved ductility 

3 Polypropylene fiber Steel plate 13.54 2.58 Moderate improvement 

4 Bacillus megaterium + Steel fiber Steel plate 10.3 2.78 Enhanced microstructure 

5 Bacillus megaterium + Polypropylene fiber Steel plate 11.18 1.55 Moderate gain 

6 W1 + Steel fiber Steel plate 12.65 1.81 High early-age strength 

7 W1 + Polypropylene fiber Steel plate 13.74 1.03 Highest tensile gain among fibers 

8 None (Control) Glass fiber sheet 7.36 0.6 Significant ultimate load increase 

9 Steel fiber Glass fiber sheet 9.32 1.38 Synergistic improvement 

10 Polypropylene fiber Glass fiber sheet 8.83 1.65 Moderate load gain 

11 Bacillus megaterium + Steel fiber Glass fiber sheet 8.04 1.9 Moderate load gain 

12 Bacillus megaterium + Polypropylene fiber Glass fiber sheet 7.85 1.3 High ultimate load 

13 W1 + Steel fiber Glass fiber sheet 10.3 1.08 Stiffness improvement 

14 W1 + Polypropylene fiber Glass fiber sheet 10.3 0.7 Maximum ultimate load 
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5. Numerical Simulation 

5.1.  Geometry and boundary conditions 

The numerical model was developed to replicate the 
experimental four-point bending test of reinforced con-
crete slabs with dimensions of 1.0 m × 0.5 m × 0.05 m. 
Simply supported boundary conditions were applied at 
both slab ends, and the load was introduced at two sym-
metrically placed points, each located 26.67 cm from the 
supports. This ensured full consistency between the ex-
perimental and numerical configurations. Fig. 16 shows 
the slab model in Abaqus. 

5.2.  Material modeling 

Concrete behavior was represented using the Con-
crete Damaged Plasticity (CDP) model in Abaqus/CAE, 
which captures both tensile cracking and compressive 
crushing. Steel reinforcement was modeled as embed-
ded truss elements with elastic–plastic properties, fully 
bonded to the concrete matrix. Material parameters for 
both concrete and reinforcement were derived from ex-
perimental tests to ensure accuracy. 

5.3. Loading and analysis procedure 

Incremental loading was applied through two concen-
trated forces at the same locations as in the laboratory 
setup. A static general analysis was performed to capture 
nonlinear stress–strain behavior, stiffness degradation, 
and crack propagation. Outputs included stress distribu-
tion, crack initiation and growth, mid-span deflection, 
and ultimate load capacity. 

5.4. Model validation 

The predicted load–deflection response and ultimate 
load capacity from the FE model showed close agree-
ment with the experimental results. This confirmed that 
the developed model could reliably reproduce slab flex-
ural performance and failure mechanisms. Table 9 
shows a Comparison of Experimental and Numerical Re-
sults for Control and Mix 5. 

5.5.  Parametric analysis 

To extend the experimental findings, a limited para-
metric analysis was carried out by comparing the control 
mix with Mix 5 (W1 + steel fiber + bacteria). This com-
parison focused on the influence of bacterial self-healing 
and polypropylene fibers on flexural performance. The 
analysis highlighted clear differences in load capacity, 
stiffness, and crack propagation patterns, providing in-
sight into the synergistic contribution of microbial activ-
ity and fiber reinforcement. 

5.6. Material properties 

5.6.1. Concrete 

The concrete used in the numerical model had a com-
pressive strength of 35 MPa, an elastic modulus of 

30 GPa, a Poisson’s ratio of 0.2, a density of 2400 kg/m³, 
and its stress–strain behavior was represented using the 
Madrid–Barbora model. 

5.6.2. Steel plates 

 The steel plates used in the numerical model were de-
fined using linear elastic properties with a Young’s mod-
ulus of 225 GPa, Poisson’s ratio of 0.25, and a density of 
7850 kg/m³. 

5.6.3. Concrete stress–strain relationship 

The nonlinear compressive behavior of concrete in 
the FE model was defined using the Madrid Parabola 
stress–strain relationship. This model captures both the 
ascending branch up to the peak compressive stress and 
the descending softening branch after cracking. A com-
pressive strength of 35 MPa and peak strain 0.002 were 
used, with an elastic modulus calculated as Ec = 4700√f’c, 
and Poisson’s ratio 0.2. In tension, concrete was mod-
eled as linear elastic up to ft = 3.2 MPa, followed by a ten-
sion-stiffening softening curve. The Concrete Damaged 
Plasticity (CDP) model was used with standard parame-
ters (ψ = 35°, eccentricity = 0.1, fb0/fc0 = 1.16, K = 0.667, 
viscosity = 0.0005), calibrated to match the experimental 
response. 

The numerical model has been updated to clearly 
specify the element types used for each component, 
where concrete was modeled using 3D solid elements 
and steel plates using linear elastic shell/solid elements, 
as appropriate. 

The GFRP and strengthening schemes were not in-
cluded in the numerical model because the FE simulation 
was intended only to validate the experimental response 
of the control slab and Mix 5. The objective was to verify 
load–deflection behavior rather than simulate strength-
ening mechanisms. 

The FEM predictions showed strong agreement with 
the experimental load–deflection behavior for both 
slabs, confirming the accuracy of the numerical modeling 
approach. 

 

6. Conclusions 

Based on the experiments conducted in this study to 
evaluate the main mechanical properties as well as the 
structural performance of fibrous self-healing slabs, the 
following conclusions can be drawn: 
 Integrating bacterial self-healing agents with fibers 

markedly enhanced both the mechanical properties 
and structural performance of reinforced concrete 
slabs compared to the Control Mix at 90 days. The 
combined action of bacterial calcium carbonate pre-
cipitation and fiber crack-bridging was identified as 
the primary mechanism driving these improvements.  

 Among the tested mixes, steel fiber–bacteria con-
cretes achieved the highest compressive strength, 
with Mix 5 recording a 31.3% gain, while polypropyl-
ene fiber–bacteria concretes showed the greatest in-
crease in splitting tensile strength, with Mix 6 achiev-
ing an 18.8% improvement.   
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Fig. 16. Slab model simulations in Abaqus (Control Slab and Mix 5). 

Table 9. Comparison between experimental and numerical results for Control Mix and Mix 6. 

Mix 
Ultimate load 

– Exp. (kN) 
Ultimate load  

– FEM (kN) 
Mid-span deflection  
at peak – Exp. (mm) 

Mid-span deflection  
at peak – FEM (mm) 

Stiffness trend Remarks 

Control 8.04 8.93 0.8 0.88 
Lower stiffness, 
brittle failure 

Rapid crack propagation, 
limited ductility 

Mix 5  
(W1 + SF + Bacteria) 

12.65 14.22 1.03 1.12 
Higher stiffness, 
ductile response 

Enhanced crack control, 
delayed failure 

 Flexural strength was also significantly enhanced, 
with Mix 4 reaching a 39.2% increase relative to the 
control. These findings align with previous reports 
that the hybrid approach of microbial self-healing and 
fiber reinforcement can improve concrete strength by 
more than 30–40% within 90 days, with potential for 
even greater long-term benefits.  

 At the structural level, reinforcing slabs with steel 
plates was more effective than using glass fiber lami-
nates, achieving gains of 15–17% and confirming the 
superiority of steel reinforcement. Overall, the com-
bined use of bacteria and fibers demonstrated sub-
stantial improvements, with compressive strength 
enhancements reaching up to 55%, underscoring the 
promise of hybrid microbial–fibrous systems for 
high-performance, durable concrete. 

 The selected mix proportions ensured adequate 
workability in all mixes despite fiber addition. The 
hardened properties showed that steel fibers en-
hanced compressive and flexural strength, while bac-
terial inclusion contributed to micro-crack healing in 
mixes BMS, BMP, W1S, and W1P. 

 Generally, the combination of bacteria with fibers sig-
nificantly boosts concrete performance, with com-
pressive, tensile, and flexural strengths showing re-
markable gains. The synergy of microbial self-healing 
and fiber reinforcement achieved improvements up 
to 55%. Steel plate reinforcing further enhanced slab 
behavior, offering a durable, practical, and sustaina-
ble solution for construction. 

 

7. Recommendations 

 Extend numerical simulations to include GFRP and 
full external strengthening schemes. 

 Examine long-term durability and self-healing perfor-
mance of bacterial-fiber concrete under realistic envi-
ronmental conditions. 

 Study the combined effects of conventional reinforce-
ment, fibers, and bacteria on RC slab performance. 

 Evaluate the influence of different bacterial species, 
dosages, and fiber types on mechanical properties 
and crack-healing behavior. 
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A B S T R A C T 

This study presents a novel curing strategy to produce a smooth and shiny surface 
on Portland cement paste by controlling efflorescence. The proposed methodology 

consists of curing fresh cement paste in contact with a smooth, polystyrene mold, 

which modifies the boundary conditions at the cement–mold interface by limiting 

evaporation and promoting local moisture retention during early hydration. Alt-

hough direct exposure to the atmosphere is restricted, carbon dioxide from the envi-
ronment can still diffuse through the cement pore network and specimen edges. Un-

der these conditions, calcium ion migration toward the interface is facilitated, leading 

to the controlled precipitation of a thin, calcium carbonate–rich surface layer. The 

surface and bulk evolution of the cement paste were investigated after 7, 14, and 28 

days of curing using scanning electron microscopy (SEM), energy-dispersive X-ray 

spectroscopy (EDS), X-ray diffraction (XRD), Fourier transform infrared spectros-

copy (FTIR), surface gloss measurements, and compressive strength testing. The 

analyses reveal the formation of a uniform near-surface region enriched in calcium-

containing phases, while the bulk phase assemblage remains dominated by typical 

hydration products. Quantitative gloss measurements show an increase in surface 

reflectivity with curing time, reaching approximately 57 ± 1.3 gloss units after 28 

days. Compressive strength results indicate that the formation of the shiny surface 
layer does not adversely affect the mechanical performance of the material. Overall, 

the results indicate that under the proposed curing conditions, controlled efflo-

rescence could be harnessed as a surface engineering approach to obtain visually 

uniform and chemically stable surfaces without the use of additives or post-pro-

cessing treatments. 
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1. Introduction 

Cement, primarily in the form of Portland cement, re-
mains the most widely used hydraulic binder in modern 
construction, with global production exceeding 4.2 bil-
lion tons annually (Scrivener et al. 2018). Its wide-

spread use is due to its favorable combination of me-
chanical strength, cost-effectiveness, and versatility 
across structural and architectural applications. As the 
key component in concrete, mortars, grouts, and surface 
finishes, it plays a central role in infrastructure develop-
ment worldwide. However, the aesthetic and surface 
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durability of cement-based materials continues to pre-
sent challenges, particularly in architectural contexts 
where surface quality and appearance are critical (Ne-
ville 2011). 

One of the most common surface-related issues in ce-
ment-based materials is efflorescence, characterized by 
the formation of white crystalline deposits—primarily 
calcium carbonate—on the exposed surface. These de-
posits, while chemically benign, are perceived as defects 
due to their high visual contrast and irregular distribu-
tion, which compromise the intended aesthetic 
(Kosmatka et al. 2002; Brocken and Nijland 2004; Brick 
Industry Association 2006). Efflorescence can also indi-
cate ongoing moisture transport, which may lead to con-
cerns about durability or permeability, even when these 
concerns are not mechanically substantiated (Al-Jabari 
2022). 

Efflorescence is primarily driven by the migration of 
soluble salts, especially calcium hydroxide (portlandite), 
through capillary pores during early hydration or due to 
environmental moisture exposure. Once at the surface, 
these salts react with atmospheric CO₂, precipitating as 
calcium carbonate (CaCO₃) in a process often referred to 
as carbonation-induced efflorescence (Ramachandran 
1996; Taylor 1997). In complex environmental or ce-
ment systems, other phases such as alkali sulfates, the-
nardite (Na₂SO₄), glaserite (K₃Na(SO₄)₂), syngenite 
(K₂Ca(SO₄)₂·H₂O), and even ettringite may also appear 
(Ma and Qian 2018; Bai 2009). Efflorescence is generally 
categorized into two types: primary efflorescence, which 
occurs during initial hydration and curing, and second-
ary efflorescence, which emerges due to water ingress 
after curing, often through rain, condensation, or rising 
damp (Dahri 2022; Sutan and Sinin 2013). 

Efforts to mitigate efflorescence have traditionally fo-
cused on reducing water-to-cement ratios, modifying 
mix design (e.g., with pozzolanic additions or blended ce-
ments), controlling curing conditions, or applying sur-
face sealants to reduce permeability (Liang et al. 2022; 
Zhang et al. 2014, 2018). The use of admixtures such as 
sodium stearate, or hydrophobic agents has also been 
explored, though results vary depending on the system 
and exposure conditions (Xue et al. 2018; Chindaprasirt 
et al. 2022; Lothenbach et al. 2011). However, most of 
these methods seek to suppress the efflorescence mech-
anism rather than leverage it. 

This study investigates an alternative curing ap-
proach in which efflorescence is deliberately controlled 
to promote the formation of a smooth, carbonate-rich 
surface layer. Instead of eliminating the migration of cal-
cium salts, we control it to produce a smooth, shiny, and 
durable surface finish. By curing the cementitious mate-
rial in contact with a smooth, non-porous polymeric 
mold under controlled humidity, we guide the migration 
and crystallization of calcium carbonate into a thin, ho-
mogeneous surface layer. The result is a naturally shiny 
and aesthetically appealing finish that exploits the same 
physicochemical mechanisms responsible for undesired 
efflorescence, transforming them into a design oppor-
tunity. 

This methodology, currently under patent application 
(Mx/a/2016/002861), enables the controlled formation 
of functional calcium carbonate coatings during early hy-

dration. These coatings exhibit uniform shine, enhanced 
surface texture, and potentially improved durability 
against weathering or abrasion. Moreover, the process is 
compatible with conventional cementitious materials 
and does not require post-processing treatments or ad-
ditives. The aim of this work is to investigate the micro-
structural and surface implications of this approach and 
evaluate its potential for sustainable, low-cost, and ar-
chitecturally expressive cement-based surfaces. 
 

2. Experimental Procedure and Materials 

2.1. Materials 

The materials used for the procedure were sourced 
locally. The Portland cement used was a standard Type I 
cement commonly distributed in the region. The water 
used in the experiments was supplied by the city's water 
and sanitation company. 

2.2. Experimental procedure 

 Samples were prepared using Type I Portland cement 
and water at a water-to-cement ratio (w/c) of 0.50 by 
mass. The cement powder was sifted using a sieve to en-
sure uniform particle size and then mixed with water. 
The mixture was stirred continuously until a homogene-
ous composition was achieved. The prepared mixture 
was poured into polystyrene containers with dimen-
sions of 7 cm in height, 8 cm in width, and 18.5 cm in 
length. After casting, the specimens remained in the pol-
ystyrene molds and were cured under uncontrolled am-
bient indoor conditions typical of the laboratory envi-
ronment in Ciudad Juárez (Chihuahua, Mexico). During 
the curing period, the indoor temperature averaged 23 ± 
2 °C, with a relative humidity of 25–35 %, consistent 
with the local semi-arid climate. The indoor CO₂ concen-
tration was not actively regulated but generally re-
mained within 420–650 ppm, which corresponds to typ-
ical atmospheric levels for indoor environments in the 
region. No external load or confinement was applied; the 
only contact pressure exerted on the samples was due to 
their own self-weight against the smooth polystyrene 
surface. The specimens were cured for 7, 14, and 28 days 
under these conditions. 

Surface gloss was quantitatively evaluated using a 
portable glossmeter Landtek GM60 (measurement ge-
ometry: 60°, in accordance with ISO 2813). Gloss meas-
urements were performed directly on the cement sur-
faces after 7, 14, and 28 days of curing. For each curing 
age, measurements were taken at three different loca-
tions on the sample surface, and the average value was 
reported in gloss units (GU), together with the corre-
sponding standard deviation. For the chemical stability 
test, shiny-surface specimens cured for 28 days were im-
mersed in aqueous solutions with pH 4, 7, and 11 for 5 
minutes at room temperature. After immersion, the sam-
ples were rinsed with deionized water to remove resid-
ual solution and then allowed to air-dry for 6 hours un-
der laboratory conditions until the surface was com-
pletely dry. Surface gloss was measured before immer-
sion and after drying using the same measurement con-
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ditions described above. The variation in gloss values 
was used as an indicator of the short-term chemical sta-
bility of the surface layer. 

The morphology and elemental chemical composition 
of the samples were analyzed using scanning electron 
microscopy (SEM, Hitachi model SU5000) and Energy 
Dispersive X-Ray Spectroscopy (EDS, Bruker), with an 
acceleration voltage of 15 kV. Phase identification and 
structural analysis were performed by X-ray diffraction 
(XRD) using a PANalytical X'Pert Pro diffractometer with 
Cu Kα radiation (λ = 0.1542 nm). Measurements were 
carried out on intact cement paste specimens, with the 
exposed surface facing the incident X-ray beam. As a re-
sult, the diffraction patterns mainly reflect the bulk 
phase composition of the material, while allowing qual-
itative comparison between samples. Functional 
groups present in the samples were identified using 
Fourier Transform Infrared Spectroscopy (FT-IR, Ni-
colet 6700) in the range of 500-3000 cm⁻¹. FTIR and 
XRD measurements were performed on replicate speci-

mens for each curing age and condition, showing con-
sistent spectral features; therefore, representative spec-
tra are reported. 
 

3. Results and Discussion 

Fig. 1 presents the surface appearance of Portland ce-
ment samples cured for 7, 14, and 28 days, together with 
the corresponding quantitative gloss measurements. Af-
ter 28 days, the surface exhibits a distinctly smooth and 
reflective appearance. This visual evolution is corrobo-
rated by the gloss measurements, which show a system-
atic increase in gloss units with curing time. The average 
surface gloss increased progressively from 22 ± 3 GU at 
7 days to 35 ± 1.7 GU at 14 days, reaching 57 ± 1.3 GU at 
28 days. The progressive reduction in standard devia-
tion suggests enhanced surface uniformity and a more 
homogeneous development of the shiny surface layer 
over time.

 

Fig. 1. Progressive development of shiny surfaces in Portland cement samples over 7, 14, and 28 days of curing.

Figs. 2‒4 present a comparison between samples set 
using a conventional process and those treated accord-
ing to the methodology proposed in this study, utilizing a 
surface in contact with polystyrene, after 7, 14, and 28 
days of curing. From day 7 onward, a significant difference 
is observed in both the roughness and morphology of the 
surface, as well as in the phases present, evidenced by the 
varying gray tones in the backscattered electron images. 
The conventionally cured sample exhibits a more irregu-
lar surface morphology, with predominantly spherical 
particles and some polyhedral features. This is consistent 
with the findings reported previously for Portland ce-
ment, where the morphology of cement particles is typi-
cally characterized by spherical and irregular shapes due 
to the grinding and clinker formation processes (Taylor 
1997; Bogue 1955). In contrast, the surface set using the 
proposed methodology appears visually smoother and is 
composed of two main phases: one with an acicular shape 
(lighter gray) and the other with spherical particles. 

After 14 days, the roughness on both surfaces has de-
creased. The surface set conventionally exhibits mi-
crocracks or irregularities and is primarily composed of 
spherical particles with the presence of some needle-like 
structures. This aligns with findings reported in the lit-
erature, where the morphology of conventional Portland 
cement over time typically shows a decrease in surface 

roughness and the formation of microcracks as hydra-
tion progresses (Taylor 1997; Bogue 1955; Lura et al. 
2003). In contrast, the surface set using the procedure 
proposed in this study still shows two distinct phases: 
spherical particles and acicular ones. However, the acic-
ular phase appears to have undergone some growth, and 
the needle-like structures are now less noticeable. 

After 28 days of conventional curing, at low magnifi-
cations, the surface appears to have minimal roughness. 
At higher magnifications, larger particles are observed, 
covered by small spherical particles, with the presence 
of some needle-like structures. This aligns with previous 
studies, where the morphology of Portland cement at 
later stages of hydration typically shows the develop-
ment of larger particles covered by finer spherical ones, 
along with the formation of needle-like structures such 
as ettringite (Taylor 1997). In contrast, for the curing 
process proposed in this study, the surface roughness 
has decreased even at higher magnifications. Both 
phases, spherical particles and acicular structures, are 
still present, but the needle-like structures have grown 
and now cover almost the entire surface. This is consis-
tent with the evolution of the microstructure described 
in the literature, where needle-like crystals tend to grow 
and eventually dominate the surface as hydration pro-
gresses (Bogue 1955; Lura et al. 2003).  
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Fig. 2. SEM–BSE surface morphology after 7 days of curing for  
conventional (a–d) and shiny (e–h) cement paste samples. Imaging conditions: 20 kV, WD 19–23 mm, 30 Pa. 

 

Fig. 3. SEM–BSE surface morphology after 14 days of curing for  
conventional (a–d) and shiny (e–h) cement paste samples. Imaging conditions: 20 kV, WD 19–23 mm, 30 Pa. 

 

Fig. 4. SEM–BSE surface morphology after 28 days of curing for  
conventional (a–d) and shiny (e–h) cement paste samples. Imaging conditions: 20 kV, WD 19–23 mm, 30 Pa.  
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Fig. 5 presents the XRD patterns of Portland cement 
paste specimens cured for 7, 14, and 28 days, together 
with a conventional reference sample. All diffractograms 
are dominated by a broad amorphous background at-
tributed to calcium silicate hydrate (C–S–H), along with 
crystalline reflections corresponding to portlandite 
(Ca(OH)₂) and calcium carbonate (CaCO₃) (Taylor, 
1997). Weak and partially overlapped reflections associ-
ated with residual clinker phases, mainly tricalcium sili-
cate (C₃S) and dicalcium silicate (C₂S), are also detected. 

The conventional sample exhibits more clearly de-
fined reflections associated with residual clinker phases 
compared to the specimens cured against the smooth 
polymeric surface. Given the limited surface sensitivity 
of conventional powder XRD, these differences should be 
interpreted with caution and primarily reflect variations 
in the bulk phase contribution. With increasing curing 
time, the relative intensity of CaCO₃ reflections increases 
for all samples, while the overall phase assemblage re-
mains unchanged (Lura et al. 2003).

 

 

Fig. 5. XRD patterns of Portland cement paste under modified curing conditions after 7, 14, and 28 days.  
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The FTIR spectra (Fig. 6) of both conventional and 
shiny samples consistently display the main hydration 
and carbonation bands characteristic of Portland cement 
systems. In all cases, the sharp O–H stretching vibration 
of portlandite is observed at 3643 cm⁻¹, together with a 
broad O–H band above 3000 cm⁻¹ and the H₂O bending 
mode around 1650 cm⁻¹. The Si–O stretching of C–S–H is 
identified near 970–990 cm⁻¹, while sulfate vibrations 
appear in the region of 1110–1140 cm⁻¹. Carbonate for-
mation is indicated by the bands at 1450 cm⁻¹ (ν₃, asym-
metric stretching), 1070–1090 cm⁻¹ (ν₁, symmetric 

stretching), and 874–878 cm⁻¹ (ν₂, out-of-plane bend-
ing) (Ylmen and Jäglid 2013; Chakrabarty and Maha-
patra 1999; Jennings 2000). These features are present in 
both curing conditions and at all curing ages (7, 14, and 
28 days), with variations in relative intensity and defini-
tion that reflect progressive hydration and carbonation 
processes. In addition, an FTIR spectrum of the mold ma-
terial was recorded to document the polymer used for 
sample casting (Fig. 7). The spectrum shows the charac-
teristic absorption bands of polystyrene, confirming the 
nature of the mold material employed in this study.

 

Fig. 6. FTIR analysis of the shiny surface and the Portland cement samples. 

 

Fig. 7. FTIR spectrum of the polystyrene mold used for casting the Portland cement samples.  
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Fig. 8 presents cross-sectional SEM images and corre-
sponding EDS spectra of Portland cement samples cured 
using the proposed methodology, which results in a vis-
ibly shiny surface layer. The SEM micrographs reveal a 
compact and dense outer region, particularly within the 
top ~50 μm of the surface, where the structure appears 
homogeneously packed. This dense morphology is at-
tributed to minimized evaporation and restricted ion 
migration, induced using a smooth, non-porous poly-
meric mold during the early stages of hydration (Khayat 
1999). 

Within the microstructure, hydration products such as 
calcium silicate hydrate (C–S–H) and portlandite are 
clearly observed. The coexistence of fibrous, amorphous, 
and acicular phases suggests a well-developed and active 
hydration process, with no significant signs of microcrack-
ing, shrinkage, or surface deterioration. These features in-
dicate that the curing method not only preserves struc-
tural integrity but may also promote surface densification, 
consistent with observations in high-performance and 
self-consolidating concretes where controlled curing con-
ditions influence near-surface compactness.

      

 

 

 

 

                                                    

Fig. 8. Cross-sectional SEM images and corresponding EDS analyses of Portland cement paste cured using the proposed 
methodology after (a) 7, (b) 14, and (c) 28 days. Imaging conditions: 20 kV, working distance 11–14.2 mm, 30 Pa.  
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EDS elemental mapping (Fig. 9) confirms a marked in-
crease and surface-level enrichment of calcium, particu-
larly in specimens cured against smooth polymeric 
molds. This calcium-rich layer supports the formation of 
a dense, carbonate-containing coating, which is con-
sistent with the enhanced reflectivity and "shiny" ap-
pearance observed macroscopically. This correlates 
with FTIR results, where stronger absorption bands for 
CO₃²⁻ groups are observed. While early stage XRD data 
revealed low surface crystallinity, the FTIR and 
SEM/EDS analyses demonstrate that carbonate for-
mation is already underway at both the microstructural 
and molecular levels, though initially in amorphous or 
nano-crystalline form. The observed surface densifica-

tion and spatial continuity in SEM images support the in-
terpretation that smooth-surface curing promotes a con-
trolled and delayed crystallization, which preserves sur-
face integrity and contributes to long-term uniformity. In 
contrast, the conventionally cured control sample shows 
a less uniform calcium distribution and a more porous, 
irregular surface structure. This finding is consistent 
with the sharper diffraction peaks and earlier crystalli-
zation observed via XRD. The microstructural differ-
ences reinforce that the proposed curing strategy not 
only modulates hydration kinetics and carbonation 
pathways, but also improves aesthetic, protective, and 
potentially functional properties of the cement surface 
by forming a shiny, compact mineral layer.

 

 

 

Fig. 9. SEM images and EDS elemental maps comparing a conventional Portland cement sample  
cured for 28 days with samples prepared using the proposed methodology after 7, 14, and 28 days of curing.  

Imaging conditions: 20 kV, working distance 10.8–14.2 mm, 30 Pa.

The formation of the shiny surface can be attributed 
to modified curing boundary conditions imposed by the 
smooth polymeric mold, which reduce surface evapora-
tion and promote higher local moisture retention. Alt-
hough direct exposure to the atmosphere is limited, CO₂ 
can still diffuse through the cement pore network and 
from specimen edges, enabling localized carbonation. 
These conditions are consistent with enhanced migra-
tion and accumulation of calcium-rich species near the 
surface, leading to the formation of a thin, dense car-
bonate-containing layer. This proposed mechanism (Fig. 
10) is supported by SEM–EDS evidence of near-surface 
Ca enrichment, FTIR carbonate bands, and increased 

surface gloss with curing time. Due to the bulk sensitivity 
of conventional XRD, these effects are interpreted as 
near-surface phenomena rather than bulk phase trans-
formations. 

Table 1 summarizes the maximum compressive 
strength obtained for the analyzed samples. At 7 and 14 
days, specimens with a shiny surface exhibited slightly 
higher compressive strength values than the conven-
tional samples, with increases of approximately 0.9 % 
and 1.3 %, respectively. However, these differences fall 
within the range of experimental variability typically re-
ported for compressive strength tests on Portland ce-
ment pastes and mortars (Mindess et al. 2003; Neville 
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2011). At 28 days, both sample types reached very simi-
lar maximum compressive strength values, indicating 
that the surface condition does not exert a significant in-
fluence on long-term mechanical performance. Overall, 

these results suggest that the formation of the shiny 
layer induced by controlled efflorescence is confined to 
the near-surface region and does not adversely affect the 
bulk mechanical response of the material.

 

Fig. 10. Schematic illustration of the proposed mechanism for the formation of the shiny surface  
on Portland cement paste cured against a smooth polymeric mold (AI-assisted). 

Table 1. Maximum compressive strength of conventional and shiny samples at different curing ages. 

Sample / Curing age 
7 days  

(conventional) 
7 days  
(shiny) 

14 days  
(conventional) 

14 days  
(shiny) 

28 days  
(conventional) 

28 days  
(shiny) 

Maximum compressive 
strength (MPa) 

70.4 ± 3.1 71.0 ± 2.8 79.9 ± 2.5 81.0 ± 2.2 89.3 ± 2.0 89.0 ± 1.9 

Fig. 11 shows the variation in surface gloss (ex-
pressed in gloss units, GU) of the shiny surfaces of Port-
land cement samples cured for 28 days, measured before 
and immediately after exposure to aqueous solutions 
with pH 4, 7, and 11, which were used to evaluate the 
chemical resistance of the surface layer. The results indi-
cate that the initial gloss value of the shiny surface (≈ 58 
GU) remains essentially unchanged after contact with 
the different media, with only minor fluctuations of less 
than ±2 GU, which fall within the experimental error 
margin. This stability indicates that the shiny surface 
layer exhibits a high resistance to immediate chemical 
attack, with no evidence of dissolution, loss of reflec-
tance, or visible surface degradation. The preservation of 
gloss under pH 4 conditions suggests adequate tolerance 
to acidic environments, while the absence of significant 
gloss reduction at pH 11 demonstrates stability in alka-
line media, consistent with the basic nature of Portland 
cement and its carbonated surface layer. Overall, these 
results confirm that the shiny finish not only provides 
aesthetic stability but also functions as a chemically sta-
ble surface barrier under short-term exposure to differ-

ent chemical environments, preserving its optical prop-
erties and visual integrity even under controlled aggres-
sive conditions. 

 

Fig. 11. Surface gloss values (GU) of shiny Portland ce-
ment samples cured for 28 days, measured before and af-

ter exposure to aqueous solutions with pH 4, 7, and 11. 
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4. Conclusions 

This study presents an approach to reframe efflo-
rescence in Portland cement as a controlled mechanism 
for achieving a functional and aesthetically appealing 
surface finish. By employing a smooth polymeric inter-
face during curing, the migration of calcium-rich species 
and their subsequent reaction with atmospheric carbon 
dioxide were guided to promote the formation of a ho-
mogeneous, shiny surface layer rich in crystalline cal-
cium carbonate. Microstructural and chemical analyses 
(SEM, EDS, XRD, and FTIR) confirmed the progressive 
development of this near-surface layer, while the bulk 
cement matrix retained the typical hydration products 
such as C–S–H, portlandite, and ettringite. 

Importantly, quantitative surface gloss measure-
ments and compressive strength testing demonstrate 
that the formation of the shiny layer is confined to the 

outer region of the material and does not adversely af-
fect its mechanical performance. These findings indicate 
that the observed surface modification is not merely cos-
metic, but rather reflects a localized mineralogical evo-
lution driven by altered curing boundary conditions. 
Within the scope of this study, controlled efflorescence 
is shown to be a promising surface engineering ap-
proach that does not require additives or post-pro-
cessing treatments. Beyond its potential architectural 
and prefabrication applications, this strategy provides 
new insight into the role of moisture transport, ion mi-
gration, and carbonation during early cement hydration 
and may inform future strategies for designing func-
tional cement-based surfaces. From a sustainability per-
spective, the proposed methodology relies exclusively 
on controlled curing conditions, which may reduce ma-
terial consumption, surface rework, and associated envi-
ronmental impacts.
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A B S T R A C T 

This study explores the potential of recycling bricks from dismantled old buildings 

into brick aggregates and utilizing them as coarse aggregates in recycled brick aggre-

gate concrete. Nepal, being susceptible to seismic events, generates large amounts of 
construction debris, with bricks being a major portion of this, which is mainly dis-

posed of through landfilling. Additionally, the increasing use of reinforced cement 

concrete construction has been significant, which poses a toll on natural aggregate 

resources, resulting in the depletion of finite resources. To address these issues, this 

study focuses on recycling bricks as coarse aggregates in concrete. An experimental 

approach was adopted to determine properties of bricks and concrete ingredients, 

including cement, sand, brick aggregates, and coarse aggregates. The mechanical and 

physical properties of concrete, that is, compressive, split-tensile, and flexural 

strengths were studied by replacing natural coarse aggregates with recycled crushed 

brick aggregates at different percentages (0%, 10%, 20%, 30%, and 100%), denoted 

as B0%, B10%, B20%, B30% and B100%, respectively. Meanwhile, ultrasonic pulse 

velocity was performed to determine the quality of recycled brick aggregate con-
crete. With respect to the control mix (B0%), percentage decrease in compressive 

strength, tensile strength, and flexural strength for B10% and B100% are 0.72% and 

28.26%, 4.68% and 25.16%, and 2.95% and 7.58%, respectively. From the ultrasonic 

pulse velocity, all mixes except B100% had excellent quality as per Indian Standards. 

Results highlight that recycled brick aggregate seems suitable up to 30% replace-

ment, considering the strength decrement in compressive and flexural strengths rel-

ative to the control mix. 
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1. Introduction 

The devastating Gorkha earthquake of 7.6 magnitude 
occurred on April 25, 2015, followed by a series of after-
shocks, including a major 6.8 magnitude aftershock on 
May 12, 2015 (National Planning Commission 2015). 
The earthquake resulted in 3.23 million tons of potential 
debris in the core city area of the Kathmandu Valley, of 
which 1.07 million tons were cleared, 0.63 mil-lion tons 

were disposed of on riverbanks and in open spaces, and 
the remaining 0.44 million tons were salvaged for reuse, 
recycling, or disposal in isolated areas (Poudel et al. 
2019). The debris was further classified, and brick/stone 
accounted for 74.66% of the total debris (Poudel et al. 
2019). Currently, about 82.90% of total houses in Nepal 
are built with brick/stone bonded in mud or cement 
mortar for outer walls (Central Bureau of Statistics 
2021). 
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Globally, increasing concrete production affects water 
consumption, natural aggregate use, and cement produc-
tion. In 2017, the production of natural aggregates was 
about 45 billion tons, and it was estimated to rise to 65 
billion tons by 2025 (De Brito et al. 2019). The construc-
tion industry consumes around 40% of global resources, 
and one third of this is aggregates used in cement-based 
products (Pacheco-Torgal 2017). In Nepal, based on the 
number of households, reinforced concrete (RC) build-
ings have increased tremendously by 63.9% within a 
span of ten years from 2011 to 2021 (Central Bureau of 
Statistics 2021). This rapid growth has substantially in-
creased the demand for natural aggregates, resulting in 
rampant extraction of natural aggregates, degradation of 
natural landscapes, depletion of finite natural resources, 
and escalating construction costs. Simultaneously, the 
disposal of building debris along riverbanks, open 
spaces, and landfilling has led to land pollution, degrada-
tion of the city landscape, a shortage of landfilling areas, 
and increased landfilling charges (Poudel et al. 2019). 

Construction debris, such as concrete, bricks, and 
stones, is not organic waste and thus cannot decompose 
naturally (Gyawali 2022). The common practice is dis-
posal by landfilling or dumping it in open spaces, which 
has a significant impact on the environment and human 
health. In the United States, recycling one ton of con-
crete, brick, and block costs approximately $21 per ton, 
while landfilling costs approximately $136 per ton (Len-
non 2005). Recycling such construction debris as aggre-
gates can help preserve finite natural resources, reduce 
waste, landfill sites, and improve economic efficiency. 
The first significant use of crushed brick aggregates in 
new concrete was for reconstruction during the Second 
World War, while its first documented use dates back to 
1860 in Germany, for manufacturing concrete products 
(Adamson et al. 2015). 

Several studies have investigated the mechanical per-
formance of concrete utilizing recycled brick aggregates. 
De Brito et al. (2005) found a 22% and 45% decrement 
in compressive strength at 33% and 100% natural ag-
gregate replacement, respectively. Debieb and Kenai 
(2008) reported a 20% to 35% reduction in strength 
when both coarse and fine aggregates were replaced 
with crushed brick aggregates. Cachim (2009) studied 
the mechanical properties of recycled brick aggregate 
concrete (RBAC) using bricks from two sources at two 
water-cement ratios and reported that higher-density 
brick aggregate yielded better compressive and tensile 
strengths. Aliabdo et al. (2014) reported increased com-
pressive strength at 25% fine aggregate replacement, 
while all other mixes resulted in reduced compressive 
and tensile strength. Bhanbhro et al. (2014) reported a 
37% decrease in compressive strength at 100% replace-
ment. Hachemi et al. (2022) found that replacing 20% of 
both coarse and fine aggregates in concrete improved 
compressive strength and density. Gyawali (2022) re-
ported an increase in compressive strength when oven-
dried brick aggregates at 20% was replaced with natural 
coarse aggregates. Aboalella and Elmalky (2023) ob-
served increased compressive, tensile, and flexural 
strength at 50% fine aggregate replacement with 
crushed brick and 50% coarse aggregate replacement 
with recycled concrete. Bhatta et al. (2024) found com-
parable compressive strength to the control mix at 20% 
replacement, highlighting its potential for construction 

applications. Basit et al. (2024) studied the structural 
performance of concrete using recycled concrete aggre-
gates (RCA) and recycled brick aggregates (RBA). Mod-
est decreases in compressive strength were observed 
when coarse aggregates were replaced, while RCAs 
showed better bond performance, and 50% natural ag-
gregate replacement showed comparable performance 
to the control mix in flexure tests. Şamdan et al. (2024) 
studied the use of crushed brick clay as a replacement for 
coarse and medium aggregate in concrete at several re-
placement levels and found that such replacement de-
creased compressive strength and modulus of elasticity 
by up to 66%. Poudel et al. (2025) studied on enhancing 
the mechanical performance of recycled aggregate con-
crete using glass fibers with fly ash and found that 20% 
fly ash with 0.5% fibers provided balanced mechanical 
performance suitable for low-grade structural applica-
tions. Bajracharya et al. (2025) explored recycling old 
concrete as aggregates into concrete. They found that 
50% replacement achieved strength comparable to con-
ventional concrete, and also suggested that recycled con-
crete aggregates are socially, economically, and techni-
cally viable based on the sustainability index. Khadka et 
al. (2025) found a decrease in compressive strength of 
34% to 39% when replacing natural coarse aggregates 
with brick aggregates at 100%, and also developed pre-
dictive relationships for concrete compressive strength 
based on rebound hammer tests.  

Although numerous studies have investigated the use 
of recycled brick aggregates as coarse and fine aggre-
gates in concrete, most have focused on recycled aggre-
gates obtained from relatively recent brick waste. Lim-
ited attention has been given to aggregates produced 
from century-old bricks. Brick aggregates derived from 
such old bricks may exhibit distinct mechanical and 
physical characteristics due to prolonged environmental 
exposure, aging, and material degradation. This study 
experimentally evaluates the mechanical properties of 
recycled brick aggregate concrete (RBAC) produced us-
ing brick aggregates derived from a dismantled century-
old masonry building as a partial to full replacement of 
natural coarse aggregates. The experimental program 
was conducted using M20 grade concrete, where M rep-
resents the mix and the following number 20 represents 
the specified compressive strength in MPa measured on 
a 150 mm cube. The M20 grade concrete was selected 
because it is widely used in Nepal for low-rise residential 
and other structures, and represents the minimum 
standard for reinforced concrete construction under In-
dian Standards. 

The novelty of this research lies in the utilization of 
brick aggregates derived from century-old bricks ex-
posed to long-term environmental exposure and aging, 
while comparing the properties of brick, brick aggre-
gates, and recycled concrete with properties of modern 
and historic bricks from existing literature. Further-
more, the study compares aggregate-level quality indica-
tors in relation to concrete performance and examines 
the feasibility of partial replacement of natural coarse 
aggregates under material constraints relevant to devel-
oping countries. This research is particularly relevant in 
the Nepalese context, where bricks have been histori-
cally used in structures such as load-bearing masonry 
buildings, arch bridges, and partition walls. With aging 
infrastructure, seismic vulnerability, and ongoing expan-
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sion projects such as highway widening, large values of 
historic brick masonry are expected to be dismantled or 
demolished; however, systematic disposal or recycling 
practices remain largely absent. 

 

2.  Experimental Program 

The experimental program comprised testing five 
concrete mixes with different percentages of recycled 
crushed brick aggregates, ranging from partial to full re-
placements of natural coarse aggregates. The replace-
ment levels considered were 0%, 10%, 20%, 30%, and 
100%, designated as B0% (control mix), B10%, B20%, 
B30%, and B100%, respectively. A total of 55 specimens 
were cast to evaluate compressive strength, splitting 
tensile strength, and flexural strength tests. Physical and 
mechanical tests of the constituent materials of concrete 
were also conducted and subsequently used for the de-
sign mix of concrete mixes. All experiments and tests in 
this study were carried out in accordance with Indian 
Standards (IS) at the Material Testing Laboratory of 
Kathmandu University, Dhulikhel, Nepal, and Nepal En-
gineering Lab Pvt. Ltd., Banepa, Nepal. 

2.1.  Materials 

Ordinary Portland Cement (OPC) of 43 grade, with a 
specific gravity of 3.06, was used for the preparation of 
all concrete specimens. Physical tests for hydraulic ce-
ment were performed as per IS 4031 (Part 1) (1996), IS 
4031 (Part 4) (1988), and IS 4031 (Part 11) (1988). The 
results from various tests performed on cement are pre-
sented in Table 1.  

Table 1. Properties of cement. 

Properties Results 
IS 4031 limits  

(parts 1, 4, and 11) 

Specific gravity 3.06 ‒ 

Consistency 32% ‒ 

Fineness 0.80% < 10% 

 

A well-graded sand passing a 4.75 mm sieve has been 
used as fine aggregate for the preparation of concrete. 
Tests for water absorption and specific gravity were per-
formed as per IS 2386 (Part 3) (1963), while sieve anal-
ysis was carried out following IS 2386 (Part 1) (1963). 
The sand conformed to zone II and satisfied the grade 
limits conforming to IS 383 (2016). The results of physi-
cal tests of natural fine aggregate are tabulated in Table 
6, while the particle size distribution and particle size 
distribution curve are presented in Table 2 and Fig. 1.  

Table 2. Particle size distribution of  
natural fine aggregate (NFA). 

Sieve size (mm) % Passing 
IS 383 (2016) limits  

(% passing) 

4.75 100 90‒100 

2.36 86 75‒100 

1.18 74 55‒90 

0.60 54 35‒59 

0.30 26 8‒30 

0.15 9 0‒10 

 

Fig. 1. Particle size distribution curve for natural fine aggregates.

Both natural coarse aggregates (NCA) and recycled 
crushed brick aggregates (RCBA) were tested for specific 
gravity, water absorption, Los Angeles abrasion value 
(LAAV), and aggregate impact value (AIV). Brick aggre-
gates were prepared by manually crushing bricks from a 
dismantled century-old masonry building located at 

Sangha, Kabhrepalanchok, Nepal. The preparation pro-
cess of brick aggregate is illustrated in Fig. 2.  

The century-old masonry building from which the 
bricks were collected and subsequently crushed into 
brick aggregates is shown in Fig. 3.  
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Fig. 2. Preparation process of brick aggregate. 

           

Fig. 3. Collection of bricks and brick aggregates: (a) Century-old brick masonry building located at Sangha, Kabhrepalan-
chok, Nepal; (b) Dismantled brick from masonry building; (c) Crushed brick aggregates prepared in laboratory.

The specific gravity and water absorption tests were 
carried out following IS 2386 (Part 3) (1963), while the 
Los Angeles abrasion test and aggregate impact value 
test were performed as per IS 2386 (Part 4) (1963). The 
sieve analysis was conducted following IS 2386 (Part 1) 
(1963). Both NCA and RCBA were well graded as per IS 
383 (2016). The Los Angeles abrasion value (LAAV) and 
aggregate impact value (AIV) of NCA were within the 
permissible limits for concrete applications in non-
wearing surface (LAAV ≤ 45% and AIV ≤ 50%), whereas 
RCBA exhibited values exceeding the limits specified in 
IS 383 (2016). The particle size distributions of NCA 
and RCBA are presented in Tables 3 and 4. The particle 

size distribution curve for NCA and RCBA is shown in 
Fig. 4.  

The results from the physical and mechanical tests of 
the aggregates are compared in Table 5. 

The bricks used for the preparation of brick aggre-
gates were approximately a century old, as confirmed by 
local residents. These bricks were salvaged from a dis-
mantled masonry building constructed using mud mor-
tar. Adhered mud mortar was scraped off and cleaned 
before crushing the bricks into aggregates. The physical 
and mechanical properties of the bricks were deter-
mined in accordance with IS 1077 (1992), and the test 
results are summarized in Table 6.

Table 3. Particle size distribution of natural coarse aggregate (NCA). 

Sieve size (mm)  % Passing 
IS 383 (2016) limits  

(% passing) 

20 100 90‒100 

10 25 25‒55 

4.75 1 0‒10 

Table 4. Particle size distribution of recycled crushed brick aggregate (RCBA). 

Sieve size (mm) % Passing 
IS 383 (2016) limits  

(% passing) 

20 100 90‒100 

10 29 25‒55 

4.75 1 0‒10 

Collection of 
brick wastes

Cleaning 
mortar and 

dirt adhering 
to bricks

Manual 
crushing of 

brick wastes  
using hammer

Sieving brick 
aggregates to 
required size

Ready for use 
in concrete

(a) (b) (c) 
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Fig. 4. Particle size distribution curve for natural coarse aggregates and recycled crushed brick aggregate. 

Table 5. Test results of aggregates. 

Materials 
Specific  
gravity 

Water  
absorption 

Open  
porosity 

Apparent  
density (kg/m3) 

Los-Angeles  
abrasion value 

Aggregate  
impact value 

Natural fine aggregate 2.62 1.00% ‒ 2623.02 ‒ ‒ 

Natural coarse aggregate 2.71 0.60% 1.63% 2702.48 35.60% 15.04% 

Recycled crushed brick aggregate 1.61 15.25% 28.94% 2219.46 59.20% 52.94% 

Table 6. Experimental results for properties of bricks. 

Description Values 

Water absorption (%) 19.51 

Apparent porosity (%) 31.12 

Bulk dry density (kg/m3) 1597.17 

Compressive strength (N/mm2) 4.41 

Ultrasonic pulse velocity (UPV) (m/s) 1363.91 

2.2. Mix design and preparation 

The concrete mix design consisted of five mixes at 
varying levels of RCBA replacement as coarse aggregate 
in M20 grade concrete with a water-cement ratio (W/C) 
of 0.5. The mixes included B0% (control mix), B10%, 
B20%, B30%, and B100% at 10%, 20%, 30%, and 100% 
replacement of natural coarse aggregates with recycled 
crushed brick aggregates by weight, respectively. Mix 
design calculations were performed following IS 10262 
(2019), and the details are presented in Table 7.

Table 7. Proportioning of materials as per the mix design. 

Concrete mix B0% B10% B20% B30% B100% 

Cement (kg/m3) 383 383 383 383 383 

Water (kg/m3) 191.58 191.58 191.58 191.58 191.58 

Total water-cement ratio 0.535 0.534 0.532 0.53 0.518 

Effective water-cement ratio 0.5 0.5 0.5 0.5 0.5 

Natural fine aggregate in SSD (kg/m3) 689.58 689.58 689.58 689.58 689.58 

Natural coarse aggregate in SSD (kg/m3) 1115.63 1004.07 892.5 780.94 0 

Recycled crushed brick aggregate in SSD (kg/m3) 0 66.28 132.56 198.84 662.79 

SSD = Saturated Surface Dry

All mixes were prepared with a constant cement con-
tent of 383 kg/m3 and designed to achieve a slump of 75 
mm, corresponding to medium workability commonly 
adopted in general construction practice. 

To address workability issues, natural fine aggregates 
(NFA) and natural coarse aggregates (NCA) were 
washed and oven-dried at 105 ˚C for 24 hours. The addi-
tional water required to reach saturated surface dry con-
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ditions for NFA and NCA was added during mixing. RCBA 
was pre-soaked for 2 hours and then dried to saturated 
surface dry (SSD) condition before mixing. This proce-
dure was adopted to prevent the highly porous RCBA 
from absorbing water required for the hydration of ce-
ment. The pre-wetting duration of 2 hours was selected 
because RCBA absorbs most of the water during the ini-
tial few minutes. The additional water required was cal-

culated based on the water absorption of the coarse and 
fine aggregates. Consequently, the effective water-ce-
ment ratio was maintained at 0.5 while the total water-
cement ratio varied from 0.518 to 0.535 depending on the 
replacement percentage. The total water-cement ratio ex-
cludes the water required for pre-saturation of brick ag-
gregates. Preparation of materials, mixing, casting, and 
curing of concrete for all mixes are illustrated in Fig. 5.

                 

Fig. 5. Preparation process of concrete: (a) Preparation of materials; (b) Mixing of concrete;  
(c) Casting of concrete specimens; (d) Curing of concrete specimens.

2.3.  Test specimens and procedure 

Concrete cubes of dimensions 150 mm x 150 mm x 
150 mm were cast for compressive strength testing, 
while cylindrical specimens of 150 mm diameter and 
300 mm height were used for splitting tensile strength 
tests. Similarly, beam specimens measuring 500 mm x 
100 mm x 100 mm were cast to evaluate the flexural 
strength of concrete. Batching, mixing, and casting were 
done in accordance with relevant Indian Standards. Af-
ter casting, the concrete specimens were demolded after 
24 hours and cured by immersion in a curing pond at a 
temperature of 23 ± 2 ˚C until the time of testing. All me-
chanical tests were conducted at 28 days in accordance 
with IS 516 (Part I/Sec 1) (2021). The tests were per-
formed on calibration-certified testing machines, and 
the alignment of loading platens was also checked before 
testing. Error bars were calculated based on the stand-
ard deviation obtained from the total number of speci-
mens tested for each mix. Furthermore, the variability of 
test results was assessed using the coefficient of varia-
tion (CoV), calculated as the ratio of standard deviation 
to mean value. The number of specimens for each mix 
complied with IS 456 (2000), which specifies a minimum 
of three specimens per sample, and the number of spec-
imens per mix used in this study is consistent with inves-
tigations on recycled brick aggregate concrete (De Brito 
et al. 2005; Adamson et al. 2015). The number of speci-
mens prepared for each mix and for different testing is 
shown in Table 8. 

2.4. Non-destructive test 

Ultrasonic pulse velocity (UPV) test was conducted on 
concrete cubes before compression strength testing at 
28 days. The tests were performed using the direct 
transmission method on the cubes in SSD conditions, ap-
proximately one hour after removal from the curing 
pond. The time taken by the pulse to travel through the 
cube was measured. The ultrasonic pulse velocity was 
calculated by dividing the travel path length by the meas-
ured time. The device used for the UPV test was RTUL 

UX460X, and the calibration of the device was done by 
observing the time required for the pulse to travel 
through a standard prism of known time. The UPV was 
compared against the limits specified by IS 516 (Part 
5/Sec 1) (2018) to determine the quality of the concrete. 
The direct method of the ultrasonic pulse velocity test 
performed on a concrete cube is shown in Fig. 6. 

Table 8. Number of experimental specimens prepared. 

 Number of specimens 

 
Concrete  

cubes 
Concrete  
cylinders 

Concrete  
beams 

B0% (control mix) 5 3 3 

B10% 5 3 3 

B20% 6 3 3 

B30% 6 3 3 

B100% 3 3 3 

Total 25 15 15 

 

Fig. 6. Ultrasonic pulse velocity test  
on a concrete cube using the direct method. 

(a) (b) (c) (d) 
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3. Results and Discussion 

3.1. Bricks and brick aggregates 

The bricks used in this study were collected from a 
century-old dismantled masonry building and subse-
quently crushed to produce recycled crushed brick ag-
gregates. The bricks exhibited an average compressive 
strength of 4.41 MPa and a water absorption of 19.51%. 
According to IS 1077 (1992), these bricks can be classi-
fied as Class 3.5 bricks based on their compressive 
strength and water absorption. The UPV of the century-
old bricks was evaluated against the quality assessment 
criteria for burnt clay bricks by Azam et al. (2022). The 
measured pulse velocity was below 2000 m/s, indicating 
poor brick quality and further corroborating the classifi-
cation based on mechanical properties. 

The physical and mechanical properties of the cen-
tury-old bricks used in this study are consistent with 
those reported for historic and ancient bricks in the lit-
erature. Studies on historic bricks in Nepal have re-
ported dry density values ranging from 1.2 to 1.8 g/cm3, 
water absorption of 10 to 28%, apparent porosity of 17 
to 33%, and compressive strength of 3.49 to 26.9 MPa 
(Parajuli 2012; Parajuli et al. 2020; Bhattarai et al. 2018). 
Similarly, studies on modern bricks in Nepal have re-
ported dry density values of 1.1 to 2.82 g/cm3, water ab-
sorption of 5 to 30%, apparent porosity of 10 to 53.99%, 
and compressive strength of 3.35 to 23.49 MPa (Chapa-
gain et al. 2020; Bohara et al. 2020; Subedi 2020; Shrestha, 
2019; Khanal and Paudel, 2023; Thapaliya et al. 2024). 

A comparative summary of physical and mechanical 
properties for modern bricks, old bricks, and bricks used 
in this study is presented in Table 9.

Table 9. Physical and mechanical properties of modern and old bricks of Nepal. 

Author 
Water  

absorption (%) 
Compressive  

strength (MPa) 
Apparent  

porosity (%) 
Dry density  

(g/cm3) 
Remarks 

Parajuli (2012) ‒ 11.03 ‒ 1.77 
Historical bricks from  
Patan Durbar Square 

Bhattarai et al. (2018) 10 to 28% 5.00 to 23.00 17 to 33% 1.2 to 1.8 Ancient brick of Nepal 

Shrestha (2019) 8.8 to 23.93% 7.83 to 22.1 19.28 to 53.99% 1.55 to 2.82 Modern bricks 

Bohara et al. (2020) 11 to 23% 15.6 to 17.1 19 to 37% 1.5 to 1.65 Modern bricks 

Chapagain et al. (2020) 5 to 30% 3.35 to 10.53 10 to 40% 1.1 to 2.15 Modern bricks 

Subedi (2020) 4 to 12% 3.72 to 20.16 - 1.34 to 1.82 Modern bricks 

Parajuli et al. (2020) 13 to 18% 3.49 to 26.90 ‒ ‒ 
Historical bricks from  
Shreemahal and Singhadurbar 

Khanal and Paudel (2023) 9.36 to 16.89% 7.02 to 23.49 18.25 to 27.95 1.65 to 1.949 Modern bricks 

Thapaliya et al. (2024) 6 to 25% 8.6 to 15  1 to 2 Modern bricks 

This study 19.51% 4.41 31.12% 1.6 Century-old brick 

The physical and mechanical properties of recycled 
crushed brick aggregates (RCBA) were further com-
pared with those reported in previous studies (Debieb 
and Kenai 2008; Aliabdo et al. 2014; Gyawali 2022; 
Hachemi et al. 2022; Cachim 2009; Adamson et al. 2015). 
These studies reported water absorption values ranging 
from 1.79 to 20%, specific gravity from 2.04 to 2.40, po-
rosity from 9.5 to 38.82%, and Los Angeles abrasion val-
ues between 30.06 to 31.6%.  

In contrast, the RCBA used in this study exhibited a 
lower specific gravity of 1.61, which can be attributed to 
the high porosity and lower density of century-old bricks 
from which the aggregates were derived. Although the wa-
ter absorption and porosity values of RCBA were within 
the ranges reported in previous studies, they were rela-
tively higher than those of NCA. The Los Angeles abrasion 
value of RCBA was higher and exceeded the limits specified 
by IS 383 (2016), indicating lower abrasion resistance.  

Overall, the physico-mechanical behavior of the old 
bricks used in this study aligns closely with that of his-
toric bricks and also falls within the broad range of prop-
erties reported for modern bricks, albeit toward the 
lower strength and higher porosity. The origin of these 
properties differs, as the characteristics of century-old 
bricks are primarily influenced by long-term aging, envi-
ronmental exposure, and material degradation rather 
than a controlled manufacturing process for modern 

bricks. These factors likely contributed to the lower den-
sity, higher water absorption, higher porosity, reduced 
abrasion resistance, and impact resistance observed in 
the RCBA used in this study as compared to natural 
coarse aggregates.  

3.2. Density of concrete 

The density of concrete was determined by measur-
ing the mass of each cube and dividing it by its volume. 
The density of the recycled brick aggregate concrete 
(RBAC) decreased with increasing brick aggregate re-
placement levels. The maximum reduction in density 
was 13.24% for B100% mix compared to the control 
mix. This decreasing trend is consistent with the findings 
reported by De Brito et al. (2005) and Bhanbhro et al. 
(2014), who observed density reductions of 9.18% and 
16%, at 100% replacement, respectively.  

The decrement in density is primarily attributed to 
the lower specific gravity of brick aggregates compared 
to natural coarse aggregates, resulting in a relatively 
lighter concrete. The average density values and corre-
sponding coefficient of variation are presented in Table 
10. The CoV values ranged from 0.58% to 1.07%, indicat-
ing excellent uniformity of the concrete specimens. The 
density variation across different mixes with error bars 
is illustrated in Fig. 7.    
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Fig. 7. Density values of various concrete mixes at 28 days.

3.3. Compressive strength 

The compressive strength was determined from the 
peak load at failure, and crack patterns were also ob-
served. The control mix (B0%) exhibited the highest 
compressive strength, while the strength decreased with 
increasing RCBA replacement. The reduction in com-
pressive strength relative to the control mix were 0.72%, 
3.27%, 5.99%, and 28.26% at 10%, 20%, 30%, and 100% 
replacement, respectively. The reduction in compressive 
strength with the increasing replacement percentage is 
consistent with the findings of previous studies (Debieb 
and Kenai 2008; Aliabdo et al. 2014; Bhanbhro et al. 
2014).  

The reduction in compressive strength can be at-
tributed to the replacement of NCA with RCBA, which 
possesses lower density, higher water absorption, and 
microcracking induced during crushing. These charac-
teristics lead to a weaker aggregate skeleton and a het-
erogeneous interfacial transition zone (ITZ) as reported 
by Silva et al. (2014). Under compressive loading, brick 
aggregates act as stress concentrators, promoting crack 
initiation and propagation at the aggregate-paste inter-
face rather than through the cement matrix (Xiao et al. 
2012; Silva et al. 2014). At lower replacement levels, 
brick aggregates are distributed discontinuously within 
the concrete matrix, which limits the crack connectivity 
and allows load transfers to be governed predominantly 
by NCA and hydrated cement paste. This explains the rel-
atively small reduction in compressive strength ob-

served at partial replacement levels, whereas the pro-
nounced loss of strength at 100% replacement is at-
tributed to the formation of a continuous weak aggre-
gate-paste network. 

The average compressive strength values and corre-
sponding CoV are presented in Table 10, while Fig. 8 
shows the compressive strength results with error 
bars. 

The compressive strength was evaluated as the aver-
age of at least three specimens for each concrete mix, or 
based on the number of specimens indicated in Table 8. 
In accordance with IS 516 (Part 1/Sec 1) (2021), test re-
sults deviating more than ± 15% from the mean com-
pressive strength were treated as outliers and excluded 
from analysis. One outlier was identified in both B10% 
and B20% mixes. The standard deviation for mixes B0% 
to B100% were 1.22, 1.74, 1.54, 2.08, and 0.4, all of which 
are smaller than the standard deviation value of 4 speci-
fied for M20 concrete. The CoV values ranged from 
2.22% to 8.86%, indicating low variability and good re-
peatability of test results after exclusion of outliers.  

The failure patterns of the cubes were examined vis-
ually, and the Fig. 9 illustrates the observed failure for 
different concrete mixes. Failure was mostly due to the 
formation of vertical cracks resulting from laterally in-
duced tensile stress perpendicular to the applied com-
pressive load. Cone-shaped failure was also observed in 
a limited number of specimens. Overall, the failure be-
havior was satisfactory as specified in IS 516 (Part 
1/Sec 1) (2021).

Table 10. Average values for physical and mechanical properties of concrete with their CoVs. 

Concrete  
mix 

Density  
(kg/m3) 

CoV 
Compressive  

strength (MPa) 
CoV 

Splitting tensile  
strength (MPa) 

CoV 
Flexural  

strength (MPa) 
CoV 

UPV  
(m/s) 

CoV 

B0% 2467.79 0.67 25.05 4.88 2.92 2.14 4.13 6.43 4429.11 1.12 

B10% 2404.03 0.80 24.51 7.10 2.79 2.05 3.99 0.68 4152.17 1.30 

B20% 2369.58 1.07 24.23 6.37 2.69 1.85 3.95 3.28 4083.14 1.38 

B30% 2319.31 0.58 23.55 8.86 2.61 3.17 3.87 1.06 4046.92 0.85 

B100% 2141.04 0.65 17.97 2.22 2.19 1.14 3.70 0.88 3655.69 0.28 
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Fig. 8. Compressive strength values of various concrete mixes at 28 days. 

                     

Fig. 9. Typical failure of cubes at different replacement percentages: (a) 0%; (b) 10%; (c) 20%; (d)30%; (e)100%.

3.4.  Splitting tensile strength 

The splitting tensile strength test of concrete was per-
formed as per IS 516 (Part I/Sec 1) (2021), in which the 
load was applied to the cylindrical surface radially. The 
control mix (B0%) exhibited the highest tensile strength, 
and the tensile strength decreased with an increase in 
the brick aggregates replacement levels. The decrement 
in tensile strength relative to the control mix at 10%, 
20%, 30%, and 100% replacements were 4.68%, 8.06%, 
10.65% and 25.16%, respectively. This decreasing trend 

of tensile strength is similar to compressive strength and 
agrees with the findings of Aliabdo et al. (2014), who re-
ported a reduction in tensile strength with increasing 
RCBA replacement percentage.  

 The average tensile strength values and their corre-
sponding coefficient of variation are presented in Table 
10. Furthermore, the splitting tensile strength results ex-
hibited very low variability, with CoV values ranging 
from 1.14% to 3.17%, indicating excellent repeatability 
of experimental results. The tensile strength for various 
concrete mixes with error bars is presented in Fig. 10.

 

Fig. 10. Splitting tensile strength values of various concrete mixes at 28 days.  

(a) (b) (c) (d) (e) 
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The failure was governed by the development of lat-
eral tensile stresses perpendicular to the applied com-
pressive load. This initiated the crack along the loading 
line, which propagated through the cylinder, resulting 

in a sudden, brittle failure once the tensile strength of 
concrete was exceeded. The specimens were split into 
two halves along the longitudinal axis, as shown in Fig. 
11.

                     

Fig. 11. Typical failure of cylinders at different replacement percentages: (a) 0%; (b) 10%; (c) 20%; (d)30%; (e)100%.

3.5. Flexural strength 

 Plain cement concrete beams with dimensions 500 x 
100 x 100 mm were tested at 28 days to determine the 
modulus of rupture (MOR) as per IS 516 (Part 1/Sec 1) 
(2021). A four-point bending test was employed, in 
which the load was applied through two points at the 
top, while two supports were provided at the bottom. 
The B0% mix showed the highest modulus of rupture; 
however, all concrete mixes exhibited higher experimen-
tally obtained MOR values higher than those calculated 
using the empirical relationship in IS 456 (2000). The 
decrease in flexural strength as compared to the control 

mix at 10%, 20%, 30%, and 100% replacements were 
2.95%, 4.42%, 6.32% and 7.58%, respectively. This re-
duction in flexural strength is similar to the declining 
trend of compressive strength, where strength de-
creases with an increase in aggregate replacement per-
centage and aligns with the findings of De Brito et al. 
(2005).  

The average flexural strength values and the corre-
sponding coefficient of variation are presented in Table 
10. The results showed low variability, with CoV values 
ranging from 0.68% to 6.43%, indicating good to excel-
lent repeatability of experimental data. The flexural 
strength results with error bars is illustrated in Fig. 12.

   

Fig. 12. Flexural tensile strength values of various concrete mixes at 28 days.

Failure of the beams occurred due to the development 
of flexure cracks parallel to the direction of loading. 
Cracks initiated from the bottom face and propagated to-
ward the top of the beam. For all concrete mixes, failure 

was observed in the central region of the beam, and was 
found to be satisfactory as per IS 516 (Part 1/Sec 1) 
(2021). The observed failure patterns are presented in 
Fig. 13.

                     

Fig. 13. Typical failure of beams at different replacement percentages: (a) 0%; (b) 10%; (c) 20%; (d)30%; (e)100%. 

(a) (b) (c) (d) (e) 

(a) (b) (c) (d) (e) 
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Fig. 14 illustrates the failure modes of concrete cubes, 
cylinders, and beams in compression, indirect tension, 
and flexure, respectively. The post-failure cross-sections 

of the specimens reveal the distribution of brick aggre-
gates within the concrete matrix.

      

      

Fig. 14. Failure of different concrete specimens showing cross-section:  
(a) Cubes of B30%; (b) Cylinders of B30%; (c) Cylinders of B100%; (d) Beams of B100%.

3.6. Strength index 

Strength index was developed to quantify the contri-
bution of natural coarse aggregates and brick aggregates 
to the overall strength of concrete, following an ap-
proach similar to Cachim (2009). The specific strength 
ratio, R, is given by: 

R =
f

q
 (1) 

where f is the compressive strength of concrete in MPa, 
while q denotes the quantity of natural coarse aggregate 
in percentage. The parameter Rn represents the contri-
bution of natural coarse aggregates to overall strength 
and is the specific strength ratio of concrete with natural 
coarse aggregates only. 

The parameter Rb expresses the contribution of unit 
natural coarse aggregates to the strength of concrete. Rn 
= Rb when q = 100%, while Rr is the contribution of brick 
aggregates to overall strength: 

𝑅𝑟 = 𝑅𝑏 − 𝑅𝑎 (2) 

The specific strength ratio, K, is: 

K =
Rb

Rn
 (3) 

which is greater than 1 if the reduction in strength is less 
than the percentage of natural aggregates replaced. Ad-
ditionally, P represents the contribution of brick aggre-
gates to the overall strength of concrete in percentage 
and is defined as: 

P =
100Rr

Rb
 (4) 

The P value implies that if it is greater than the 
amount of aggregate replaced, then it signifies a positive 
contribution of brick aggregate to overall strength. The 
strength index developed for concrete cubes tested in 
compression at 28 days is presented in Table 11. A slight 
reduction (0.65%) in the contribution of brick aggregate 
to overall strength at 10% replacement. This contribu-
tion of brick aggregates has further decreased with an 
increase in brick aggregate replacement percentage, as 
observed for B20% and B30% mixes.

Table 11. Strength Index based on compressive strength. 

Concrete mixes q f  Rb Rr K P 

B0% 100 25.05 0.25 0 1 0 

B10% 90 24.87 0.28 0.03 1.10 9.35 

B20%  80 24.23 0.30 0.05 1.21 17.29 

B30%  70 23.55 0.34 0.09 1.34 25.54 

 

(a) (b) 

(c) (d) 
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3.7. Ultrasonic pulse velocity 

The UPV decreased with increasing brick aggregate 
replacement, while the control mix (B0%) exhibited the 
highest UPV values. The UPV values were further used to 
assess the quality of RBAC. According to the limits spec-
ified by IS 516 (Part 5/Sec 1) (2018), all concrete mixes 
except B100% exhibited excellent concrete quality (UPV 
> 4000 m/s), whereas B100% mix showed doubtful
quality (UPV = 3000 m/s to 3750 m/s). As the propor-
tion of brick aggregates increased, the UPV has de-
creased, which is in agreement with the findings re-
ported by Rao (2018) and  Hachemi et al. (2022).

 This decrement in UPV is attributed to the higher po-
rosity of RCBA compared to NCA. This increased porosity 
resulted in greater scattering and attenuation of ultra-
sonic waves, leading to longer travel times and lower 
UPV. This trend indicates that increasing brick aggre-
gate content results in reduced concrete density, which 
is associated with lower compressive strength and deg-
radation in overall concrete quality. Table 10 presents 
the average UPV values with their coefficient of varia-
tion. The CoV for UPV tests ranged from 0.285% to 
1.379%, indicating a low variability of results. The UPV 
for different concrete mixes with error bars are pre-
sented in Fig. 15.

Fig. 15. UPV values of various concrete mixes at 28 days.

3.8. Relationship between physical and mechanical 
properties of concrete 

The results from the experimental test of RBAC were 
plotted against the density, and linear regression analy-
sis was performed to quantify the influence of density on 
the mechanical strengths of concrete. Fig. 16 illustrates 
the relationship between density and strength proper-

ties of RBAC. The coefficients of determination (R2) ob-
tained were 0.93, 0.99, and 0.96 for density versus com-
pressive strength, splitting tensile strength, and flexural 
strength, respectively. These high R2 values indicate a 
strong positive correlation between density and me-
chanical properties, demonstrating that an increase in 
density leads to improved mechanical performance of 
RBAC.

Fig. 16. Relationship between density and strength properties of RBAC. 
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Similarly, linear regression analysis was conducted to 
establish relationships among the mechanical properties 
themselves. Fig. 17 presents the correlation between 
compressive, splitting and flexural strength of recycled 
brick aggregate concrete. The coefficients of determina-
tion (R2) were 0.94 for splitting tensile strength versus 

compressive strength and 0.80 for flexural strength ver-
sus compressive strength, respectively. These values in-
dicate a significant correlation between the mechanical 
properties of recycled concrete, confirming that com-
pressive strength increases with increasing splitting ten-
sile and flexural strengths.

Fig. 17. Relationship between compressive, splitting and flexural strength values of RBAC.

3.9. Comparison of the mechanical performance of 
recycled brick aggregate concrete 

The experimental findings of the present study were 
compared with findings reported in previous literature. 
Earlier studies have reported a decrement in the mechan-

ical performance of recycled concrete with increasing 
brick aggregate replacement percentage, and the results 
of this study are generally consistent with these findings. 
Table 12 presents a comparative summary of the mechan-
ical performance of recycled brick aggregate concrete re-
ported in previous studies and the present investigation.

Table 12. Comparison of mechanical properties from various studies. 

Authors 
Coarse aggregate  

replacement  
percentage 

W/C ratio 

Variation in strength relative to the control mix 

Compressive  
strength 

Tensile 
strength 

Flexural  
strength 

De Brito et al. (2005) 100% 0.6 ‒45.00% ‒ ‒25.71% 

Debieb and Kenai (2008) 100% 0.57 ‒35.00% ‒ ‒33.11% 

Cachim (2009) 30% 
0.45 ‒10.00% to ‒24.00% ‒10% to ‒20% ‒ 

0.5 ‒10.00% to ‒20.00% ‒12.50% to +4.27% ‒ 

Aliabdo et al. (2014) 100% 
0.5 ‒36.50% ‒28.10% ‒ 

0.7 ‒30.80% ‒60.00% ‒ 

Bhanbhro et al. (2014) 100% 0.5 ‒37.00% ‒ ‒ 

Gyawali (2022) 20% 
0.5 (oven-dried aggregates) 10.12% ‒ ‒ 

0.5 (saturated aggregates) ‒14.98% ‒ ‒ 

This study 

10% 

0.5 

‒0.72% ‒4.68% ‒2.95% 

20% ‒3.27% ‒8.06% ‒4.42% 

30% ‒5.99% ‒10.65% ‒6.32% 

100% ‒28.26% ‒25.16% ‒7.58% 
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R² = 0.9382

y = 16.371x - 41.273
R² = 0.8027
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At 100% brick aggregate replacement, the reduction 
in compressive strength observed in the present study is 
consistent with findings from previous studies (Debieb 
and Kenai 2008; Aliabdo et al. 2014; Bhanbhro et al. 
2014). Although these studies have reported higher 
strength reductions, the results are comparable in mag-
nitude. At replacement levels below 100%, most studies 
have reported a reduction in compressive strength. An 
exception is reported by Gyawali (2022), who observed 
a strength gain at 20% replacement when oven-dried 
brick aggregates were used. In contrast, the present 
study showed lower strength reductions relative to con-
trol mix up to 30% replacement.  

Similarly, the percentage reduction in tensile strength 
at 100% replacement levels is consistent with the results 
reported by Aliabdo et al. (2014) for a water-cement ra-
tio of 0.5. Although Cachim (2009) reported a tensile 
strength gain at 30% replacement, the present study 
showed a gradual reduction in tensile strength with in-
creasing brick aggregate concrete. De Brito et al. (2005) 
and Debieb and Kenai (2008) reported 25%-34% reduc-
tions in flexural strength at 100% replacements. In com-
parison, the present study recorded a substantially 
lower reduction of about 8%, despite using brick aggre-
gates sourced from century-old masonry.  

Overall, the recycled brick aggregate concrete in this 
study exhibited smaller percentage reductions in me-
chanical strength relative to the control mix as compared 
to previously reported studies, despite the inherently 
weaker properties of aggregates. This behavior suggests 
that aggregate-level indicators such as abrasion and im-
pact resistance alone do not fully govern the strength of 
concrete. One contributing factor may be the higher wa-
ter absorption capacity of brick aggregates, which can 
supply additional water for cement hydration, causing 
an internal curing effect (Cachim 2009; Aliabdo et al 
2014; Xiao et al. 2012). Moreover, strict control of the ef-
fective water-cement ratio through pre-soaking of brick 
aggregates to a saturated surface dry condition pre-
vented absorption of mixing water. Even if the absorbed 
water does not actively participate in cement hydration, 
it remains within the brick pores, contributing to a 
denser aggregate structure (Cachim 2009). Collectively, 
these factors likely contributed to the improved strength 
retention observed in the present study. 

 

4. Conclusions 

This study investigated the effects of replacing natu-
ral coarse aggregate with recycled crushed brick aggre-
gates derived from century-old bricks on the mechanical 
properties of the resulting concrete. The conclusions of 
the study are drawn as follows: 
 The properties of century-old bricks in this study fall 

within the broader range reported for modern bricks; 
however, the properties of resulting brick aggregates 
are comparatively inferior, which may be due to long 
term environmental exposure and material degrada-
tion with aging.  

 Brick aggregates exhibited higher porosity and water 
absorption than natural coarse aggregates. Therefore, 
the water required for mixing needs to be adjusted to 

prevent the brick aggregates from absorbing mixing 
water and to maintain effective cement hydration. 

 Brick aggregates presented lower abrasion and im-
pact resistance compared to natural coarse aggre-
gates; however, the mechanical performance of the 
resulting RBAC was satisfactory based on experi-
mental results of concrete at 28 days. 

 Brick aggregates showed lower specific gravity and 
density as compared to natural coarse aggregates, 
which resulted in reduced compressive strength with 
increasing replacement levels of natural coarse aggre-
gates. 

 Compressive strength decreased with increasing 
brick aggregate content; however, all mixes except 
B100% satisfied the strength requirements for M20 
concrete. 

 Both splitting tensile strength and flexural strength 
decreased with increasing brick aggregate replace-
ment. Nevertheless, the experimentally obtained flex-
ural strength values for all mixes exceeded the theo-
retical values predicted by the empirical relationship 
specified in IS 456 (2000). 

 Ultrasonic pulse velocity decreased with increasing 
replacement of brick aggregates, supporting the influ-
ence of lower density and higher porosity of brick ag-
gregates on reduced compressive strength. 

 According to IS 516 (Part 5/Sec 1) (2018), all concrete 
mixes except B100% exhibited excellent concrete 
quality based on ultrasonic pulse velocity measure-
ments, while B100% mix demonstrated doubtful con-
crete quality. 

 Strength index analysis indicated that the contribu-
tion of brick aggregates to the overall compressive 
strength of the concrete decreases progressively with 
increasing brick aggregate replacement levels.  

 
From the results of this study, it can be summarized 

that natural coarse aggregates can be replaced by recy-
cled coarse brick aggregates up to 30% without signifi-
cant loss in compressive strength, while achieving ade-
quate flexural strength at all replacement levels. This 
demonstrates the potential for recycling old masonry 
bricks as brick aggregates in concrete. The findings sug-
gest that recycled brick aggregates derived from old 
bricks may be used in non-structural concrete, low-load-
bearing concrete structures subjected primarily to grav-
ity loads, and the production of concrete blocks where 
sustainability is prioritized despite the relatively low 
abrasion and impact resistance of brick aggregates. 
However, the long-term durability performance of RBAC 
was not investigated in this study. 

 This study was limited to laboratory-scale testing and 
focused mainly on the mechanical properties of recycled 
brick aggregate concrete using brick aggregates from a 
single century-old masonry building. The number of test 
specimens was limited; therefore, advanced statistical 
analysis was not considered. Microstructural characteri-
zation was beyond the scope of this study, and interpre-
tations related to porosity and interfacial transition zone 
behavior are based on indirect experimental observa-
tions and existing literature.  

Future studies should focus on the durability perfor-
mance and microstructural analysis of recycled brick ag-
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gregate concrete. Further investigations are also needed 
to evaluate the influence of brick age, firing characteris-
tics, source variability, and properties of brick aggre-
gates on the performance of recycled concrete. In addi-
tion, design mix optimization of recycled concrete at 
higher replacement levels using mineral and chemical 
admixtures could also be a suitable area for further 
study. 
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A B S T R A C T 

Roller compacted concrete (RCC) pavements, which stand out as an alternative to 
conventional concrete and asphalt pavements, are increasingly preferred because of 

their high strength, fast construction, and low cost advantages. The properties of ag-

gregates directly affect the performance in roller compacted concrete mixtures. In 

particular, the maximum aggregate particle size (Dmax) and gradation play a deter-

mining influence on the mixture's density, compressibility, and mechanical strength. 

This study aimed to investigate the effects of maximum aggregate particle size and 
gradation on the mechanical performance of roller compacted concrete pavement 

mixtures. Within this scope, roller compacted concrete pavement mixtures were pro-

duced using three Dmax (12.5, 19, and 25 mm) and three different cement dosages 

(300, 350, and 400 kg). Tests for physical properties on mixtures were conducted 

using unit weight and ultrasonic pulse velocity (UPV) tests, while tests for mechanical 

properties were conducted using compressive strength, flexural strength, and split-

ting tensile strength tests. Increasing the Dmax to 25 mm significantly improved the 

compressive and flexural strength of the mixtures. However, the splitting tensile 

strength increased up to 19 mm and showed a slight decrease when reaching 25 mm. 

The increase in cement content consistently improved all mechanical properties. 

Overall, the use of well-graded coarse aggregates with Dmax in the range of 19–25 mm 

was found to improve the mechanical properties and compressibility of roller com-
pacted concrete mixtures. 
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1. Introduction 

In recent years, while concrete and asphalt pavement 
construction has shown significant development, pro-
ducing durable and longer-lasting pavements has be-
come an important aim (Maafi et al. 2025). Concrete 
pavements have a higher modulus of elasticity and stiff-
ness than flexible pavements and are more economical 
in the long term, making them the preferred choice (Baş 
2024). With the emergence of new materials and ad-
vances in construction technology, various types of 
pavements have emerged. The most notable of these are 
RCC pavements and have become a type of pavement 

which has been increasingly used in most countries in 
recent times (Ghahari et al. 2017; Tavakoli et al. 2021). 
RCC pavement is a rigid, zero-slump concrete that is of-
ten used in road pavements due to its rapid construction 
and lower cost effectiveness (ACI 325 2001, Rao et al. 
2016a). The materials used in RCC pavement mixtures 
are similar to those in conventional concrete and con-
tain the same components as traditional concrete (Keleş 
and Akpinar 2022; Çalış and Yıldızel 2019). RCC pave-
ment construction has become an important alternative 
to traditional concrete and asphalt pavements due to its 
advantages of low cement content, rapid constructabil-
ity, and low maintenance costs (Aghaeipour and 

mailto:faruk.keles@erzincan.edu.tr
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https://orcid.org/0000-0001-6149-572X
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Madhkhan 2020). The recent preference for RCC pave-
ments over other pavement types has attracted more in-
terest and research from researchers. This situation has 
caused an increase in studies related to RCC pavements 
in recent times (Şermet et al. 2024; Armağan; et al. 
2019; Sarı et al. 2025; Şengün 2024; Kılıç and Gök 
2021). 

The physical, mechanical, and durability characteris-
tics of concrete are directly dependent on the design of 
the mixture and the specifications of the conventional or 
alternative aggregates used in this design. (Şengül et al. 
2013). In this respect, many factors including the ingre-
dients and aggregate characteristics govern concrete 
performance, and practical constraints such as the avail-
ability of local materials can limit the aggregate sources 
and gradations that can be used (Yıldızel 2023). Aggre-
gates, which have many properties such as shape, 
roughness, specific gravity, chemical composition, and 
stability that are related to the characteristics of the par-
ent soil, constitute approximately 75% of concrete and 
play an important role in its performance (Bulut 2024a). 
RCC pavements differ from traditional concrete in that 
they contain more aggregate and less cement (Keleş et 
al. 2024). This makes aggregate selection even more im-
portant for RCC pavements. The particle shape, surface 
structure, particle size distribution, and especially the 
Dmax of aggregates have a direct effect on the perfor-
mance of concrete (Islam et al. 2018; Sağlam and Kılıç 
2021). Dmax has a considerable impact on many im-
portant properties of both fresh and hardened concrete 
(Rao et al. 2016b; Meddah et al. 2011). 

Studies using recycled, artificial, industrial by-prod-
uct, and waste-based aggregates of different types and 
sizes instead of natural traditional aggregates in con-
crete or asphalt production are available in the litera-
ture (Bulut 2024b; Buritatum et al. 2022; Çolak et al. 
2025; Bulut and Kandil 2025; Oreto et al. 2024). In many 
studies in recent years, the effects of maximum aggre-
gate particle size on concrete have been investigated. 
Gora and Szafraniec (2020) examined the effects of 
maximum aggregate particle size on the strength prop-
erties and elastic modulus of concrete in their study. In 
this context, concrete specimens with Dmax values of 8, 
16, and 31.5 mm were produced, and as Dmax incre-
ment, a significant decrease in splitting tensile strength 
and a slight increase in compressive strength were ob-
served. Śliwiński and Duży (2020) investigated the ef-
fect of the ratio of the minimum size of cubic concrete 
specimens to the Dmax. It was found that the relation-
ship between specimen size and Dmax had a noticeable 
effect on the representativeness of concrete specimens. 
Mahmoud et al. (2020) found that increasing the Dmax 
used in concrete reduces the mass attenuation coeffi-
cient. Siregar et al. (2017) investigated the effect of ag-
gregate size distribution on the fracture behavior of 
concrete with high strength. It was determined that size 
distribution affects the level of ductility exhibited by 
concrete with high strength. Çelikten and Canbaz 
(2020) investigated the effect of aggregate particle size 
on the permeability properties of concrete. It has been 
determined that an increment in the aggregate particle 
size within mixtures causes a decrease in strength. Fara-
marzi and Rezaee (2018) examined the strength prop-

erties of concrete specimens according to changes in 
particle size. For this objective, concrete blocks with 
particle sizes of 12, 20, and 25 mm were produced. It 
was determined that an increase in aggregate size in-
creases compressive strength. Furthermore, the results 
of the flexural tests showed that fracture toughness in-
creased as the particle size changed from 12 mm to 20 
mm, and decreased slightly when the particle size 
changed from 20 mm to 25 mm. Türkmenoğlu and Ata-
han (2020) focused on the impact of aggregate grain 
size distribution and PP fiber usage on plastic shrinkage 
cracking in concrete. It was determined that coarse ag-
gregate grain size distribution is more effective in pre-
venting cracking. Although many studies have been in-
vestigated regarding the impact of maximum aggregate 
grain size on conventional concrete, its effects on RCC 
have been studied very limitedly. Furthermore, the ef-
fect of Dmax on RCC pavements has almost not been in-
vestigated. Sağlam and Kılıç (2021) produced RCC mix-
tures with dosages of 300 kg and 350 kg, with Dmax of 
12.5, 16, and 22.4 mm. In low cement dosage mixtures, 
the maximum compressive strength is observed using 
the largest aggregate size, while in high-cement mix-
tures, it is obtained with the smallest aggregate size. Rao 
et al. (2016b) investigated the effect of maximum aggre-
gate sizes on RCC performance. It was reported that as 
aggregate size increased, strength increased but perme-
ability properties deteriorated. 

In this study, the effects of different Dmax on the 
physical and mechanical properties of RCC pavements 
were experimentally investigated. Unlike previous stud-
ies, RCC pavement mixtures with three different Dmax 
12.5, 19, and 25 mm were produced according to the 
mixture design specified in ACPA (2014a). In addition to 
different aggregate particle sizes, the mixtures had 
three different cement contents: 300, 350, and 400 kg. 
Optimum water contents for maximum compactibility 
were determined for each mixture. The mechanical 
properties of RCC pavement mixtures with different 
particle sizes and cement dosages, including compres-
sive, flexural, and splitting tensile strength, as well as 
their UPV and unit weight values, were measured and 
the test results have been correlated. 

 

2. Materials and Experimental Program 

2.1. Materials 

In this study, crushed limestone aggregate has been 
used in according with ASTM C33 (2016) standard. To 
produce the mixtures, the maximum aggregate particle 
sizes specified by the American Concrete Pavement As-
sociation (ACPA 2014b) were considered and selected as 
12.5 mm, 19 mm, and 25 mm. The aggregate particle size 
ranges were 0-5 mm, 5-12.5 mm, 12.5-19 mm, and 19-25 
mm (Fig. 1). The properties of coarse and fine aggregates 
used in the study obtained in according with ASTM C127 
(2016) and ASTM C128 (2016) standards are given in 
Table 1. 

The sieve size ranges according to Dmax (12.5, 19, and 
25 mm) are given in Table 2. The gradation curves of the 
mixture aggregates created within the sieve size ranges 



 Keleş / Challenge Journal of Concrete Research Letters (2026) 17(1) 57–70 59 

 

specified by the ACPA (2014b) are given in Fig. 2 accord-
ing to the maximum aggregate particle sizes. Three dif-
ferent aggregate mixtures were prepared to produce 
RCC pavement mixtures. Mixture 1 had a maximum ag-
gregate particle size of 12.5 mm, with aggregate particle 
size ranges of 0-5 mm and 5-12.5 mm. Mixture 2 had a 
maximum aggregate particle size of 19 mm, with aggre-
gate particle size ranges of 0-5 mm, 5-12.5 mm, and 12.5-
19 mm. Mixture 3 had a maximum aggregate particle size 

of 25 mm, with aggregate particle size ranges of 0-5 mm, 
5-12.5 mm, 12.5-19 mm, and 19-25 mm. 

In the study, CEM II 42.5 Portland cement was used 
according to the ASTM C150 (2011) standard. The prop-
erties of the cement used are given in Table 3. Three dif-
ferent cement dosages, 300 kg, 350 kg, and 400 kg, were 
used in the RCC mixtures. City supply water according to 
ASTM C1602 (2012) standard was used in the produc-
tion of RCC pavement mixtures. 

 

Fig. 1. Coarse aggregates used in RCC mixtures. 

Table 1. Properties of coarse and fine aggregates used in RCC mixtures. 

Physical properties 
Fine 

aggregate 
(0–5 mm) 

Coarse 
aggregate 

(5–12.5 mm) 

Coarse 
aggregate 

(12.5–19 mm) 

Coarse 
aggregate 

(19-25 mm) 

Specific gravity (OD), gr/cm3 2.48 2.68 2.67 2.67 

Specific gravity (SSD), gr/cm3 2.57 2.69 2.68 2.68 

Apparent specific gravity, gr/cm3 2.71 2.72 2.69 2.70 

Absorption, % 3.51 0.55 0.27 0.38 

Table 2. Combined aggregate gradation ranges for RCC (ACPA 2014b). 

Sieve size 
Lower & Upper 

specification limits 
12.5 mm 

Lower & Upper 
specification limits 

19 mm 

Lower & Upper 
specification limits 

25 mm 

37.5 mm ‒ ‒ ‒ ‒ 100 100 

25 mm ‒ ‒ 100 100 82 100 

19 mm 100 100 95 100 72 95 

12.5 mm 81 100 70 95 61 81 

9.5 mm 71 91 60 85 50 71 

4.75 mm 49 70 40 60 36 55 

2.36 mm 33 54 30 50 25 43 

1.18 mm 24 40 20 40 15 32 

600 ɥm 15 30 15 30 10 26 

300ɥm 10 25 10 25 5 19 

150 ɥm 2 16 2 16 2 16 

75 ɥm 0 8 0 8 0 8 

 

 
 



 Keleş / Challenge Journal of Concrete Research Letters (2026) 17(1) 57–70 60 

 

  

Fig. 2. Gradation curves of combined aggregate and standard limitations. 

Table 3. Properties of cement used in RCC mixtures. 

Component SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Cl 

Amount (%) 18.5 4.5 3.6 63.3 1.2 2.9 0.3 0.7 0.014 

Initial and final setting time (min) 145‒215   28-day compressive strength (MPa) 45.82 
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2.2. Optimum moisture content and mix proportions 

The consistency of RCC pavements is more important 
compared to conventional concrete pavements due to 
the presence of the compaction operation during pro-
duction. Compaction is critical in obtaining maximum 
density in RCC pavements (Keleş et al. 2024). The rela-
tionship between moisture content, the parameter that 
most affects the compactibility of mixtures, and dry 
unit weight has been found by the Modified Proctor 
Test (ASTM D1557; 2012). The relationships between 
optimum moisture content and dry unit weight for mix-
tures with three different cement dosages are given in 
Fig. 3.  

  

 

 

Fig. 3. The relationship between the dry unit weight 
and water content of RCC mixtures. 

The water content and dry unit weight relationships 
of RCC mixtures were examined, and the water contents 
of the mixtures were determined by identifying the opti-
mum moisture content corresponding to maximum den-
sity. Increasing the maximum aggregate particle size in 
the mixtures reduced the optimum moisture content 
corresponding to maximum density. As the particle size 
increased, the percentage of fine aggregate reduced, and 
the water absorption ratio of the mixes decreased. This 
revealed the need for less water for maximum compact-
ibility. The material quantities required for 1 m3 of RCC 
mixtures were calculated according to the water con-
tents of the mixtures, and the mixture ratios are given in 
Table 4. The mixture codes in the table are expressed nu-
merically. The first part of the codes represents the Dmax 
(mm), and the second part represents the cement dosage 
(kg).  

2.3. Sample preparation  

A pan-type laboratory mixer was used to produce RCC 
mixtures. For each mixture, the aggregates and cement 
were first mixed until homogeneous, then mixing water 
was added and mixing was continued. Unlike conven-
tional concrete, RCC has a very dry consistency, there-
fore requiring additional compaction during placement. 
To produce RCC mixtures in a laboratory environment, 
the compaction procedure specified in ASTM C1435 
(2017) is applied. For this purpose, vibrating hammers 
and compaction plates meeting the specifications out-
lined in the standard were used. Cylinder specimens 
were produced for compressive and tensile strength, 
beam specimens for flexural strength, and cube speci-
mens for unit weight. Circular compaction plates were 
used for cylinder specimens, rectangular plates for beam 
specimens, and square plates for cube specimens. The 
RCC specimens produced using vibrating hammer, com-
paction plates, and molds used in specimen production 
are shown in Fig. 4. 

According to the standard, the compaction process of 
the specimens was carried out in three layers, with each 
layer not exceeding 20 seconds. The RCC samples were 
demolded 24 hours following casting and kept in a cur-
ing tank in according with the ASTM C192 (2015) stand-
ard until the test day, which was 28 days later. 

Cross-sectional images of the RCC specimens pro-
duced in accordance with the standards are presented in 
Fig. 5 and were obtained by cutting and photographing 
the beam specimens using a standard scanner. The ag-
gregate and mortar composition in the concrete was cre-
ated by drawing the edges around each particle and then 
filling these outlines with white. In the images arranged 
in this way, the white color represents the aggregate, and 
the black color represents the mortar surfaces. In all 
specimens, the aggregate particles were observed to be 
homogeneously distributed, and no signs of component 
separation were found.  
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Table 4. Proportions of materials used in the production of RCC specimens. 

Mix.  
code 

Cement  
(kg) 

Aggregate (kg) 

W/C Fine 
aggregate 
(0–5 mm) 

Coarse 
aggregate 

(5–12.5 mm) 

Coarse 
aggregate 

(12.5–19 mm) 

Coarse 
aggregate 

(19-25 mm) 

12.5–300 

300 

1132 815  –  – 0.43 

19–300 1030 506 404 – 0.45 

25–300 843 303 303 505 0.45 

12.5–350 

350 

1081 778 –   – 0.42 

19–350 1010 496 396 – 0.38 

25–350 819 295 294 490 0.40 

12.5–400 

400 

1067 798  –  – 0.35 

19–400 978 480 383 – 0.35 

25–400 805 290 289 481 0.34 

  

Fig. 4. Vibrating hammer, tamping plates, molds and produced RCC samples. 

 

Fig. 5. Cross-sectional images of RCC samples: (a) Dmax=25 mm; (b) Dmax=19 mm; (c) Dmax=12.5 mm.  
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2.4. Testing methods 

This study evaluated the impact of maximum aggre-
gate particle size on the certain physical and mechanical 
properties of RCC pavement mixtures. Within this scope, 
the fresh and hardened concrete unit weights, UPV val-
ues, and compressive, flexural, and splitting tensile 
strengths of the RCC samples were measured. The unit 
weights of RCC mixtures (fresh and hardened) were 
measured on 150x150x150 mm cube specimens accord-
ing to ASTM C138 (2013) and ASTM C642 (2013) stand-
ards, respectively. The UPV test, one of the non-destruc-
tive testing methods, was applied to cylindrical, cube, and 

beam specimens measuring 150x300 mm, 150x150x150 
mm, and 100x100x400 mm, respectively, before the tests, 
in accordance with the ASTM C597 (2009) standard. 
Compressive strength and tensile strength in flexure 
tests were applied to 150x300 mm cylindrical specimens 
in according with ASTM C39 (2014) and ASTM C496 
(2017) standards, respectively, while the flexural 
strength test was applied to 100x100x400 mm beam 
specimens in accordance with ASTM C78 (2018) on 
beam specimens measuring 100x100x400 mm. Images 
of the tests performed on the RCC specimens are pro-
vided in Fig. 6. Three samples were subjected to testing 
in order to obtain results for each experiment. 

 

Fig. 6. RCC sample tests: (a) Unit weight; (b) UPV; (c) Compressive strength;  
(d) Splitting tensile strength; (e) Flexural strength.

3. Results and Discussion 

3.1. Unit weight 

The fresh and hardened unit weight results for RCC 
mixtures with different maximum aggregate sizes and 

gradations are presented in Table 5 and Fig. 7. When ex-
amining the unit weight results of the RCC mixtures, it 
was observed that both the fresh and hardened unit 
weights had close values. However, with the increment 
in the Dmax, slight increases were observed in both unit 
weights.

Table 5. Unit weights of RCC samples. 

Max. aggregate  
grain size 

Cement dosage / Unit weight (kg/m3) 

300 kg 350 kg 400 kg 

Hardened Fresh Hardened Fresh Hardened Fresh 

12.5 mm 2380.19 2475.57 2344.33 2455.85 2344.30 2460.99 

19 mm 2387.06 2478.65 2371.13 2479.51 2386.99 2473.24 

25 mm 2397.37 2489.42 2395.55 2482.58 2392.80 2482.56 

Considering the hardened unit weights, the lowest 
unit weight value was obtained in mixtures with a Dmax 

of 12.5 mm and cement dosages of 350 kg and 400 kg, at 
approximately 2344 kg/m3. The highest unit weight was 
observed in mixtures with a maximum particle size of 
12.5 mm and a dosage of 300 kg, at 2397 kg/m3. When 
the Dmax changed from 12.5 mm to 25 mm at a dosage of 
300 kg, the unit weight increased by approximately 1%. 
This increase was approximately 2% at cement dosages 
of 350 and 400 kg. Similarly, Çelikten and Canbaz (2020) 
observed an increase in unit weight with increment ag-
gregate size in their study. Konitufe et al. (2023) used 

Dmax of 14, 20, and 25 mm in their study and found the 
unit weights of the mixtures to be nearly identical. 

3.2. Compressive strength 

The uniaxial compressive strength test results for RCC 
mixtures are presented in Table 6 and Fig. 8. The results 
show that the compressive strength of the mixtures in-
creases steadily with increasing maximum aggregate 
particle size and cement dosage. Increasing the aggre-
gate particle size from 12.5 mm to 25 mm increased the 
compressive strength by approximately 23% in mix-
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tures with a cement dosage of 300 kg. The increase in 
compressive strength in RCC mixtures with cement dos-
ages of 350 and 400 kg continued at approximately 31% 
and 18%, respectively. Compressive strength test results 
have indicated that the use of aggregates up to 25 mm in 
size in RCC mixtures has steadily increased the strength 
of the mixtures, regardless of the cement dosage. In ad-
dition, the effect of cement dosage on the compressive 
strength of the mixtures was similar to the maximum ag-

gregate particle size effect. Increasing the cement dosage 
in RCC mixtures from 300 kg to 400 kg provided strength 
increases of approximately 18%, 12%, and 13% for mix-
tures with maximum aggregate particle sizes of 12.5 mm, 
19 mm, and 25 mm, respectively. The increase in cement 
dosage had a greater impact on the compressive 
strength test results of RRC mixtures with a 12.5 mm 
particle size compared to mixtures with 19 mm and 25 
mm maximum particle sizes. 

 

Fig. 7. Unit weights of RCC mixtures. 

Table 6. Different strength test results of RCC mixture specimens. 

Max. aggregate  
grain size 

Parameter 
Cement dosage (kg/m3) 

300 kg 350 kg 400 kg 

12.5 mm 

 Compressive  
strength (MPa) 

41.57 41.77 48.90 

19 mm 46.67 51.30 52.33 

25 mm 51.07 56.13 57.65 

12.5 mm 

 Flexural  
strength (MPa) 

6.85 7.02 7.33 

19 mm 6.87 7.07 7.62 

25 mm 7.19 7.59 8.10 

12.5 mm 

 Splitting tensile  
strength (MPa) 

2.93 3.02 3.58 

19 mm 3.43 3.47 3.75 

25 mm 3.09 3.14 3.21 

The results have indicated that the compressive 
strength test results of RCC mixtures made from aggre-
gates of uniform size increases with increasing aggre-
gate size. The compressive strength of RCC mixtures is 
largely dependent on the mechanical interlocking effect 
between aggregates. Increasing the Dmax allows the ag-
gregate skeleton to form a stronger and more rigid struc-
ture, transferring the load through aggregate-aggregate 
contacts. This increases the strength, particularly in RCC 

mixtures with low water/cement ratios, by reducing the 
stress concentration on the cement paste. Additionally, 
increasing the maximum aggregate particle size results 
in a better graded aggregate distribution. This facilitates 
better compaction of RCC mixtures, thereby reducing the 
void ratio and producing denser concrete, which further 
enhances strength. This effect is also supported by the 
increase in unit weights resulting from the larger parti-
cle size.   
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Fig. 8. Variation of compressive strength according to max. aggregate grain size.

Similar to the results of the current study, many studies 
have recorded increases in compressive strength with an 
increase in aggregate particle size. Faramarzi and Rezaee 
(2018), recorded increases in compressive strength with 
increasing aggregate particle size in their studies. A 
strength of 44.5 MPa was obtained in concrete mixtures 
with 12 mm aggregate size, while a compressive strength 
of 58.45 MPa was obtained in mixtures with 25 mm aggre-
gate size. Góra and Szafraniec (2020), produced concrete 
mixtures with Dmax of 8, 16, and 32 mm and obtained com-
pressive strengths of 54.0 MPa, 54.7 MPa, and 56 MPa, re-
spectively. Musa and Saim (2017) used two different ag-
gregate particle sizes, 10 and 20 mm, in their studies. They 
determined compressive strengths of approximately 17 

MPa and 39 MPa, respectively, achieving a significant 
strength increase of 128% with increasing particle size. In 
addition, Ajamu and Ige (2015) and Khan et al. (2021) 
were among other researchers who recorded an increase 
in compressive strength with an increase in Dmax. Contrary 
to these studies, Konitufe et al. (2023) recorded a slight 
decrease in compressive strength, achieving approxi-
mately 28 MPa, 27 MPa, and 26 MPa in concrete mixtures 
with aggregate sizes of 14, 20, and 25 mm, respectively. 
Similarly, Woode et al. (2015) observed a decrease in 
strength with increasing maximum aggregate particle size 
in their studies. Together with other studies in the litera-
ture, the results showing the effect of Dmax on compressive 
strength are summarized in Fig. 9.

 

Fig. 9. The effect of Dmax on compressive strength in different studies.  
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3.3. Flexural strength 

The results of the four-point flexural strength test for 
RCC mixtures are presented in Table 4 and Fig. 10. The 
results have indicated that the flexural strength of the 
mixtures increased steadily with increasing cement dos-
age. The highest flexural strength was measured at 8.1 
MPa in mixtures with a cement dosage of 400 kg and a 
maximum aggregate particle size of 25 mm. The lowest 
strength was measured at 6.85 MPa in specimens with a 
cement dosage of 300 kg and a particle size of 12.5 mm. 
Increment of the cement dosage in the mixtures from 
300 kg to 400 kg increased the flexural strength of the 
samples with aggregate particle sizes of 12.5 mm, 19 
mm, and 25 mm by approximately 7%, 13%, and 13%, 
respectively. The change in maximum aggregate particle 
size produced different results in flexural strength. The 
increase in maximum aggregate size from 12.5 mm to 19 

mm produced an insignificant variation in flexural 
strength for the mixtures with 300 and 350 kg/m³ ce-
ment dosage. Increasing the particle size from 19 mm to 
25 mm in mixtures with the same dosages resulted in ap-
proximately 6% and 7% increases in flexural strength, 
respectively. In mixtures with a dosage of 400 kg, chang-
ing the particle size from 12.5 mm to 19 mm and then 
from 19 mm to 25 mm increased the flexural strength by 
4% and 6%, respectively. The American Concrete Pave-
ment Association (ACPA 2014a) has stated that the flex-
ural strength of RCC pavements ranges between 3.5 and 
7 MPa. The Technical Specifications for Concrete Pave-
ments published by the General Directorate of Highways 
of Türkiye (KGM 2016) specifies a minimum flexural 
strength of 4.5 MPa for concrete pavements. The flexural 
strength results obtained show that all mixtures meet 
the minimum flexural strength requirements specified in 
the standards. 

  

Fig. 10. Variation of flexural strength according to max. aggregate grain size.

The results showed that, similar to the compressive 
strength results, the flexural strength increased with the 
increment of the Dmax. The increase in flexural strength 
can be described by the rigid structure formed by coarse 
aggregates limiting crack propagation and extending the 
crack path, thereby providing higher energy absorption 
under flexural loading. Furthermore, coarse aggregates 
reduced the mortar volume, decreasing the proportion 
of weak tensile zones and contributing to increased flex-
ural strength. Furthermore, as the aggregate particle size 
increased, the load-bearing skeleton structure of the 
concrete became more rigid. Under bending, this rigid 
skeleton contributed to the homogeneous distribution of 
the load and the spreading of the bending moment over 
a wider area, thereby contributing to the increase in flex-
ural strength.  

Similarly, Sağlam and Kılıç (2021) reported an in-
crease in flexural strength with an increment in maxi-
mum aggregate particle size. Flexural strength results of 
7.6 MPa, 7.7 MPa, and 7.9 MPa were obtained for mix-
tures with maximum aggregate particle sizes of 12.5 mm, 
16 mm, and 22.4 mm, respectively. The flexural strength 

of the samples supported the conclusion that bigger ag-
gregate size resulted in better performance, which in 
turn resulting in higher flexural strength (Wei et al. 
2020). On the contrary, there are also studies showing 
that flexural strength decreases as aggregate particle 
size increases. Ajamu and Ige (2015), and Ozioko (2015) 
used different maximum aggregate particle diameters in 
their studies and observed decreases in flexural strength 
with increasing particle size. 

3.4. Splitting tensile strength 

The splitting tensile strength test results for RCC mix-
tures are presented in Table 4 and Fig. 11. The results 
showed that the splitting tensile strength of the mix-
tures increased steadily with higher cement dosages. 
The highest splitting tensile strength was measured at 
3.75 MPa in mixtures with a cement dosage of 400 kg 
and Dmax of 19 mm. The lowest strength was measured 
at 2.93 MPa in samples with a cement dosage of 300 kg 
and a particle size of 12.5 mm. Increment the cement 
dosage in the mixtures from 300 kg to 400 kg increased 
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the splitting tensile strength of the specimens with ag-
gregate particle sizes of 12.5 mm, 19 mm, and 25 mm by 
approximately 22%, 9%, and 4%, respectively. Cement 
dosage had shown the minimum effect in mixtures with 
Dmax of 25 mm when compared to other aggregate sizes. 
Increment the Dmax did not cause a continuous increase 
in splitting tensile strength, unlike in compressive and 
flexural strengths. The splitting tensile strengths of the 
mixtures increased when the particle size reached 19 

mm and began to decrease when it reached 25 mm. This 
was observed in all cement-dosed mixtures. The split-
ting tensile strengths of mixtures with cement dosages 
of 300 kg, 350 kg, and 400 kg increased by 17%, 15%, 
and 5%, respectively, as the particle size changed from 
12.5 mm to 19 mm. Conversely, as the particle size in-
creased from 19 mm to 25 mm, the splitting tensile 
strength in the split test decreased by 10%, 9%, and 
14%, respectively. 

  

Fig. 11. Variation of splitting tensile strength according to max. aggregate grain size.

Similar to the results of this study, Wei et al. (2020) 
used aggregate particle sizes of 9.5 mm and 16 mm in 
concrete mixtures and obtained splitting tensile 
strengths of 2.18 MPa and 2.97 MPa, respectively. They 
determined that increasing the particle size resulted in 
an approximate 36% increase in strength. Góra and Szaf-
raniec (2020), on the other hand, recorded a decrease in 
splitting tensile strength in the split test with an increase 
in Dmax. They produced concrete mixtures with Dmax of 8, 
16, and 32 mm and obtained splitting tensile strengths 
in the split test of 5.0 MPa, 3.7 MPa, and 3.3 MPa, respec-
tively. 

3.5. Ultrasonic pulse velocity (UPV) 

The UPV values of each mixture measured prior to 
strength tests on cylinder, cube, and beam specimens. 
The UPV test results for RCC specimens produced in dif-
ferent sizes and shapes are given in Fig. 12. UPV values 
increased as the Dmax of the mixtures became larger, 
while these values decreased as the cement dosage 
amount also became higher. The best UPV values were 
measured at 4971 m/s, which were obtained from beam 
specimens with Dmax of 25 mm and a cement dosage of 
300 kg. The lowest UPV values were measured at 4451 
m/s, obtained from cylinder specimens with Dmax of 12.5 
mm and a cement dosage of 400 kg. Considering cube 
specimens, the UPV values in RCC mixtures with cement 
dosages of 300 kg, 350 kg, and 400 kg increased by 4%, 
3%, and 7%, respectively, as Dmax increased from 12.5 
mm to 25 mm. Considering all sample results, increasing  
 

the dosage from 300 kg to 350 kg and 400 kg caused a 
decrease in UPV values of approximately 1% and 2%, re-
spectively. When evaluated in terms of sample sizes, dif-
ferences in UPV values were observed despite having the 
same mixture. When cube, beam, and cylinder samples 
were compared, UPV values showed an average differ-
ence of 4%, with the highest UPV values obtained from 
beam samples. The UPV values of the beam specimens 
are followed by the cube and cylinder specimens, respec-
tively. The UPV variability in samples of different sizes 
with the same mixture may be due to differences in the 
compaction method (Keleş and Akpinar 2022). Samples 
with smaller cross-sections were subjected to greater 
compression energy, resulting in a more void-free and 
dense mixture, leading to higher UPV values.  

The results revealed that 85% of the RCC mixtures 
had UPV values exceeding 4500 m/s. The UPV values of 
the remaining 15% also stayed above 4000 m/s. White-
hurst (1951) evaluated the results as excellent, good, 
questionable, poor, and very poor in his UPV-based qual-
ity assessment method. In this method, UPV values indi-
cate that the quality of concrete mixtures below 2000 
m/s is very poor, those between 2000-3000 m/s are 
poor, those between 3000-3500 m/s are questionable, 
those between 3500-4500 m/s are good, and those 
above 4500 m/s are very good. According to this 
method, it is understood that all RCC mixtures produced 
were of at minimum good quality. Similar to the results 
in this study, Sağlam and Kılıç (2021) found that in their 
300 kg and 350 kg dosage samples, the void ratio de-
creased and UPV values increased as Dmax increased.                  
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Fig. 12. UPV values of RCC cylinder, cube, and beam specimens.

4. Conclusions 

This study investigated the effects of maximum aggre-
gate particle size and gradation on the mechanical and 
physical properties of RCC pavement mixtures. In this re-
gard, the findings obtained offer significant advantages 
in the design of RCC pavements in terms of both struc-
tural and construction aspects. Higher compressive and 
flexural strengths can be achieved with the suitable max-
imum aggregate particle size and gradation selection, 
while crack formation can be controlled by maintaining 
tensile strength through the optimum particle size. The 
high-density microstructure with a low void ratio en-
hances the durability and long-term performance of the 
pavement, while the limited variations in unit weight 
provide additional ease in placement and compaction 
during field applications. In these respects, the study 
demonstrates concrete engineering advantages for de-
signing more reliable, durable, and predictable-perfor-
mance mixtures in RCC pavements. The main findings 
obtained within the scope of the research are listed be-
low.  
 Maximum aggregate particle size and gradation had 

significant effects on the mechanical properties of 
RCC pavement mixtures. Increment the aggregate 
particle size from 12.5 mm to 25 mm resulted in sig-
nificant increases in compressive and flexural 
strength. Up to 31% increase in compressive strength 
and up to 7% increase in flexural strength have been 
observed. 

 Splitting tensile strength increased up to a maximum 
aggregate particle size of 19 mm, but decreased when 
reaching 25 mm. While the increase in strength 
reached up to 17%, decreases of up to 14% were ob-
served with increasing particle size.  

 An increment in cement dosage at all levels within the 
mixtures resulted in a consistent increase in all 
strength types. Increment of the cement dosage to 
350 kg/m3 resulted in average increases of approxi-

mately 8%, 4%, and 2% in compressive, flexural, and 
splitting tensile strength, respectively. Increment to 
350 kg/m3 resulted in increases of 14%, 11%, and 
12%, respectively. 

 UPV tests revealed that 85% of the mixtures had val-
ues above 4500 m/s and showed that the microstruc-
ture of the mixtures was dense and the void ratio was 
low. It has been determined that UPV values increase 
with an increment in the Dmax, while they decrease 
with an increment in cement dosage. 

 While both fresh and hardened unit weights of RCC 
mixtures have similar values, increment in maximum 
aggregate size has caused a slight increase in unit 
weights. 
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A B S T R A C T 

Fly shale dust (FSD) is a fine secondary powder that is produced during the firing of 
shales in a rotary kiln. Its use is relatively limited, and therefore it is usually landfilled, 

despite its chemical composition being similar to chamotte. The main challenge is the 

wide firing temperature range. As a result, the material partially retains plastic 

properties and at the same time contains high-temperature phases. The second 

challenge is the significant fineness of the material, which makes it impossible to 

burn it in a rotary kiln. To evaluate its suitability, FSD powder was granulated with 
water and subsequently fired at temperatures ranging from 800 °C to 1650 °C to pro-

duce a refractory aggregate. Analysis of the high-temperature product confirmed a 

high mullite content and low porosity, as well as high refractoriness, which was fur-

ther improved by the addition of alumina. The next part of the work was focused on 

the use of FSD for metakaolin production, where granulated material was calcined at 

600-850 °C. The sample with the highest pozzolanic activity was selected for 

geopolymer preparation. Potassium or sodium water glass was used as the activator, 

blast furnace slag or cement as the hardener, and chamotte aggregate as the filler. 

The obtained material reached the compressive strength of concrete class C60/75. 

The results provided important information about the key steps of FSD processing 

and confirmed its potential for practical application. 
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1. Introduction 

Formerly, chamber furnaces and charcoal piles were 
used for fireclay production. These technologies are now 
considered inadequate and have been displaced by the 
rotary kiln (Boateng 2008). Among the main advantages 
of rotary kilns are the possibility of automation, uniform 
continuous firing, and material processing in a wide 
range of fractions, high feed capacity and high opera-
tional temperatures (Bojanovský et al. 2022). During fir-
ing, flue gases are produced, which are blown out of the 
furnace by a connected fan. Blowing out also provides a 
slight underpressure in the furnace, which is critical for 
its safe and stable conditions (Zheng et al. 2022). Along 
with the flue gases, fine fly clay dust is carried away from 

the furnace and subsequently captured on collectors 
(Abdelgader et al. 2022). Due to the extremely high 
temperatures in the rotary kiln and the low tempera-
ture resistance of the filter material (up to 250 °C), the 
output mixture must be quickly cooled, for example, by 
using an auxiliary fan or a heat exchanger. At the same 
time, a multi-stage thermal filter protection system is 
used. The last protection is a short-term bypass switch 
directly to the fan. The obtained fly clay dust is charac-
terized by high fineness and non-uniform properties. 
Its utilization is typically very limited. Therefore, it is 
usually landfilled. The production of aggregates, fillers 
and binders represents one of the potential methods 
for its effective reuse (Özkılıç et al. 2023; Lam et al. 
2021; Jala and Sharma 2019; Riaz et al. 2022; 
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Padmalosan et al. 2023; Kaminskas and Savickaite 2023; 
Saleh et al. 2021). 

Shale is a laminated or fissile claystone (Sheng 
2020). It is a sedimentary rock formed by the settling of 
clay particles with a moderately consolidated layered 
structure with a particle size below 63 μm (Rimstidt et 
al. 2017; Muhammed et al. 2021). Shales consist mainly 
of clay minerals, predominantly kaolinite and also con-
tain quartz, feldspar, iron oxides, carbonates, coal etc. 
(Aird 2019). They are processed by firing at tempera-
tures of approximately 1350 °C to form refractory fire-
clay (Djangang et al. 2008). Fired shales are character-
ized by volume stability and good resistance to thermal 
shock. They are used in power generation blast fur-
naces, chimney linings, boilers, glass tank furnaces and 
pottery kilns (Debnath et al. 2022). The quality of fire-
clay is evaluated based on the amount of mullite and its 
degree of densification (Malaiškiene et al. 2022). 

Due to its high kaolinite content, shale can also be 
used for the production of metakaolin. Metakaolin is an 
amorphous aluminosilicate that is a highly reactive nat-
ural pozzolan produced by the calcination and dehy-
droxylation of kaolinitic clay at temperatures between 
500 °C and 900 °C (Panesar 2019; Provis and Bernal 
2014). Depending on the origin of the raw materials, 
the chemical composition might vary (Bucher et al. 
2021). Metakaolin is used as a cement replacement in 
concrete, leading to improved durability and a reduced 
environmental impact associated with the cement in-
dustry (Rasekh et al. 2020; Pillay et al. 2021). Me-
takaolin is rather expensive (Lopes et al. 2023) and 
therefore its production remains limited. Another ap-
plication of metakaolin is as a precursor for geopoly-
mer production (Aziz et al. 2015). The process involves 
the dissolution of the aluminosilicate source material in 
an alkaline solution (alkaline activator) to form alumi-
nate-silicate hydrates, followed by a condensation re-
action and subsequent hardening. Geopolymers exhibit 
excellent mechanical properties, durability, acid re-
sistance and high temperature stability (Cong and 
Cheng 2021). 

The aim of this study is to evaluate the reuse poten-
tial and application possibilities of fine fly shale dust 
(FSD) in construction materials. The work investigates 

the large-scale thermal treatment of powdered FSD, in-
cluding firing to produce refractory aggregate and cal-
cination to obtain reactive metakaolin. Key properties 
affecting applicability, such as refractoriness and poz-
zolanic activity, are evaluated. In the case of me-
takaolin, geopolymer binders are prepared and their 
mechanical properties are compared with literature 
data. In contrast to most previous studies, which focus 
on a single utilisation route, this work demonstrates a 
dual, construction-oriented valorisation of FSD using 
industrially applicable processes, including granula-
tion, drying, firing, and grinding, which are commonly 
available in facilities engaged in clay processing and fir-
ing. 
 

2. Materials and Methods 

The fine fly shale dust (FSD) was obtained from 
České lupkové závody, a company specializing in the 

mining, firing and granulometric processing of refrac-
tory clays. The powder contained particles in the size 
range of 0-500 µm, with d60 being 31 µm and d90 being 
123 µm. It contained a large amount of Al2O3 and a rel-
atively low proportion of melting oxides (Table 1). The 
chemical composition may vary depending on the 
deposit location; for example, the Fe2O3 content 
ranges from 1.25% to 3.8%. A similar situation is ob-
served for the mineralogical composition, which is ad-
ditionally influenced by the firing temperature. Of the 
crystalline phases, it contained kaolinite, mica in the 
form of muscovite, quartz, anatase and high-tempera-
ture phases mullite and cristobalite (Table 2). Consid-
ering the relatively high proportion of mullite, it is clear 
that part of the material was exposed to high tempera-
tures above 1050 °C. Furthermore, spherical ash parti-
cles were registered.  They originate from powdered 
coal, which is used to heat the rotary kiln. SEM/EDS 
analysis showed that the chemical composition of indi-
vidual particles varies in the content of minor fluxing 
oxides (K2O, CaO, Fe2O3), particularly among spherical 
ash particles. In order to understand the processes dur-
ing the firing, a thermal analysis of the FSD was carried 
out.

Table 1. Chemical composition of raw materials. (The contents are given in weight percent, normalized to 100%.) 

Title Al2O3 SiO2 Fe2O3 TiO2 Na2O K2O CaO MgO 

FSD 44.15 48.26 2.11 2.29 0.21 0.88 0.83 0.33 

Kaolin 43.31 53.18 0.64 1.00 0.07 1.32 0.07 0.15 

Alumina 99.35 0.18 0.05 ‒ 0.15 0.05 0.02 0.13 

Table 2. Mineralogical composition of FSD. (The contents are semiquantitative and expressed in weight percent, 
normalized to 100%. The sample contains a significant amount of amorphous phase.) 

Title Kaolinite Mullite Muscovite Quartz Anatase Cristobalite 

FSD 41 30 17 8 2 2 
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In the experimental work, the possibilities of using a 
commercial sample of FSD for the production of refrac-
tory aggregates were tested. The FSD was first mixed 
and homogenized with water in a ratio of 4:1 and granu-
lated using an extruder equipped with a mesh adapter 

with an outlet mesh diameter of 9 mm (Fig. 1). The gran-
ules were dried at 110 °C to a constant weight and after 
cooling, were sieved manually using sieves 1.25, 2.5, 5.0, 
7.1 and 10 mm. The 7.1-10 mm fraction was used for fur-
ther analyses.

 
Fig. 1. Process scheme.

80-100 g of granulate was placed into a corundum 
crucible, which was fired in an electric furnace at tem-
peratures of 800, 1150, 1250, 1350, 1450, 1550 and 
1650 °C. Heating was performed at 5 °C/min, with a 3 h 
dwell time, followed by free cooling. Based on the weight 
loss, the loss on ignition was determined. The density 
criteria (bulk density, apparent porosity, absorbency) 
were determined by soaking the granules under vacuum 
in water. The soaking procedure was based on the EN 
993-1 (2018) standard, while the granules were 
weighed on a steel sieve under water. Part of the fired 
granules was ground in a planetary mill. The resulting 
powder was used for analysis of phase composition us-
ing X-ray diffraction and particle morphology using elec-
tron microscopy. To increase the strength of the gran-
ules after drying, the effect of the addition of kaolin was 
tested. Furthermore, to increase the refractory proper-
ties, the influence of the addition of alumina (FEPA size: 
F-1200) was tested. The composition of the mixtures is 
shown in Table 3. With regard to the different absor-
bency of the individual components, the amount of 
added water was adjusted so that the mixtures exhibited 
similar plasticity after mixing. 

Table 3. Composition of mixtures for granulate production. 

Title 
Content (%) 

FSD Kaolin Alumina Water 

R 100 - - 25 

RK 80 20 - 28 

RA 67 - 33 23 

 

The chemical composition of the raw materials is 
given in Table 1. Rods from all three mixtures were pre-
pared by manual tamping into molds with a size of 
40×40×160 mm. After 24 hours, the samples were un-
molded and dried in an oven at a gradually increasing 
temperature up to 110 °C. After cooling, the samples 
were cut into 4 cm cubes and their compressive strength 
was determined. Cylindrical samples were prepared 
from the mixtures in a similar way for analysis of refrac-
toriness under load according to the EN ISO 1893 stand-
ard. The samples were then pre-fired at a temperature of 
1350 °C. 

The second research direction involved testing the po-
tential use of FSD for the production of metakaolin. Dried 
granules from mixture R, prepared according to the 
above procedure, were fired at a rate of 5 °C/min at tem-
peratures of 600-850 °C with a duration of 3 hours. After 
cooling, the granulate was ground in a planetary mill at 
400 rpm for 30 min. The resulting powder was used to 
determine the pozzolanic activity using the Chapelle test. 
The principle of the method is heating and homogenizing 
a mixture consisting of 0.33-0.34 g of the sample, 0.43-
0.44 g of CaO and 80 ml of distilled water at 93 °C for 17 
hours. After cooling and filtering, the content of dissolved 
calcium in the filtrate is determined by titration with 0.1M 
HCl. The result of the measurement is a number indicating 
the amount of Ca(OH)2 bound by one gram of pozzolan, i.e. 
the analyzed sample. The sample fired at 650 °C with the 
highest pozzolanic activity (FSD650°C) was further used to 
verify the possibility of its application for the production 
of geopolymers. They consisted of the following compo-
nents. Potassium water glass (PWG) with a modulus of 1.7 
and sodium water glass (SWG) with a modulus of 2.0 were 
used as activators, slag and alumina cement Górkal 40 as 
a hardener, a commercial silicone-based sample as a plas-
ticizer and chamotte aggregate A111 with a grain size of 
0-1 mm as a filler. A complete overview of the composition 
of the tested geopolymer mixtures is given in Table 4. The 
formulations of the mixtures were based on patents 
US20160152521 and US2010010139A, which relate to 
the use of the pozzolanic activity of fly ash. The water con-
tent of the MPSl and MefPSl samples was adjusted to 
achieve a vibroplastic consistency. 

The mixtures were homogenized using a planetary 
mixer and then manually or vibro-tamped into molds 
with dimensions of 40×40×160 mm. The setting was car-
ried out according to the following procedure. The sam-
ples were covered with plastic wrap to prevent signifi-
cant drying and left for 24 hours in the molds at room 
temperature. Subsequently, they were unmolded and 
placed on wire racks for another 24 hours and finally 
hardened in an oven at 60 °C. The resulting rods were 
used to determine the flexural strength, compressive 
strength and density criteria. For the selected mixtures, 
the refractoriness under load was also determined. To 
compare the quality of metakaolin prepared from FSD, a 
geopolymer sample was also prepared from commercial 
metakaolin Mefisto L05, and its properties were subse-
quently analyzed.  

Homogenization Extrusion Drying Sieving Firing Grinding 
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Table 4. Composition of geopolymer samples. (FSD650°C – fly shale dust fired at 650 °C, PWG – potassium water glass, 
SWS – sodium water glass, cement. The water content is expressed relative to 100% of the remaining mixture.) 

Sample                Metakaolin (%)           Activator (%) Hardener (%) Water (%)         Filler (%) 

MPSl FSD650°C 64.9 PWG 1.7 18.9 Slag 16,2 14,0 - - 

MefPSl MefistoL05 64.9 PWG 1.7 18.9 Slag 16,2 20,3 - - 

MPSlCh FSD650°C 16.9 PWG 1.7 13.5 Slag 3.0 - Chamotte 66.7 

MSSlCh FSD650°C 16.9 SWG 2.0 13.5 Slag 3.0 - Chamotte 66.7 

MSCCh FSD650°C 16.9 SWG 2.0 13.5 Cement 3.0 - Chamotte 66.7 

3. Results and Discussion 

3.1. Aggregates 

In order to granulate the mixture of FSD with water 
or with other raw materials, a relatively narrow range 
of water content had to be used.  If the water content 
was too low, the mixture was insufficiently plastic and 
it was not possible to push it through the output 
adapter of the extruder (Salehi and Salem 2008). With 

an excess of water, long fibers were formed, which 
stuck together to form a compact mass. Under optimal 
conditions, elongated cylindrical granules were 
formed, which contained numerous cracks due to the 
excess solid phase and relatively high output pres-
sure. During handling of dried granules (for example, 
during manual sieving) they broke at the place of 
cracks into smaller cylindrical and spherical particles 
(Fig. 2). The content of fine particles below 1.25 mm 
was 22%.

 

Fig. 2. Granulate fraction on sieve 7.1, 5.0, 2.5, and 1.25 mm.

The granules were relatively strong. It was difficult to 
squeeze them between the fingers. They exhibited low 
abrasion resistance, as also evidenced by the relatively 
high proportion of fine particles. The compressive 
strength after drying of the manually tamped samples 
was around 1 MPa for all three tested mixtures R, RK and 
RA. Their bulk density reached 1550-1600 kg/m3, in the 
case of the mixture with alumina almost 1800 kg/m3. 
Loss on ignition of granules after firing at a temperature 
of 1150 °C reached 6.2% (R), 7.0% (RK) and 3.9% (RA). 
The mixture with alumina showed a lower loss due to its 
lower clay content, and consequently a lower proportion 

of chemically bound water. The progression of granule 
sintering is shown in the graphs in Fig. 3. Samples R and 
RK exhibited a relatively similar behavior. Their more 
pronounced sintering occurred in the temperature range 
of approximately 1150-1450 °C. After firing at 1450 °C, 
they showed a bulk density of approximately 
2180 kg/m3, an absorbency of 4.1% and an apparent po-
rosity of 9.0%. In the case of the mixture RA, more pro-
nounced sintering occurred at 200-250 °C higher com-
pared to the other two samples. After firing at 1650 °C, it 
had a bulk density of 2290 kg/m3, an absorbency of 6.8% 
and an apparent porosity of 15.6%.

 

 
Fig. 3. Dependence of bulk density, absorbency and apparent porosity of granulate on firing temperature.  

(number of measurements: n = 3)  
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The results of the thermal and mineralogical analy-
sis of the FSD and the granules R and RA made from it 
are shown in the graphs in Figs. 4 and 5. In the temper-
ature range up to approximately 200 °C, free water was 
removed corresponding to a 0.58% weight loss. The 
majority weight loss of 5.4% was registered in the tem-
perature interval of about 450-650 °C, with a maxi-
mum at 540 °C associated with the dehydroxylation of 
kaolinite. Dehydroxylation of muscovite occurred in 
the temperature range of approximately 700-900 °C, 
with a maximum at about 850 °C (Jia, et al. 2015). The 
interpretation of the exothermic band at a temperature 
of 978 °C is not unequivocal. It included theories such 
as the formation of γ-Al2O3, Al-Si spinel, mullite or SiO2. 
In more detail, the whole subject is discussed in the 
book Phase Transformation of Kaolinite Clay 
(Chakraborty 2014). At temperatures above 1050 °C, 
the formation of high-temperature phases mainly mul-
lite and cristobalite occurred, while the quartz content 

decreased. Above 1350 °C, the cristobalite content de-
creased, while the mullite fraction further increased. 
The total loss of ignition after firing at 1400 °C was 
6.70%. The addition of alumina led to a higher mulliti-
zation of the aggregates after firing above 1350 °C. A 
side effect of the reaction was a reduction, to nearly 
zero, of the cristobalite fraction compared to FSD alone. 
Mullite, formed by needle-shaped crystals, is character-
ized by high refractoriness above 1700 °C and a low co-
efficient of thermal expansion 4.5–5.6 × 10-6 K-1 

(Samadi et al. 2022), thereby contributing to enhanced 
mechanical strength, refractoriness – as confirmed by 
the graph in Fig. 7, and resistance to sudden tempera-
ture changes. Given its relatively low content, cristobal-
ite is not expected to significantly affect the properties 
of fired FSD. At higher contents, however, microcracks 
and a reduction in strength may occur due to the α ↔ β 
phase transformation at approximately 220 °C, which is 
accompanied by a ~5% volume change (Stokes 2024).

 

Fig. 4. TG-DTA analysis of the FSD. (weight 65.11 mg, rate 5 °C/min, atmosphere air)

Electron microscope photographs of the FSD and 
ground granules R fired at temperatures of 650, 1350 
and 1650 °C are shown in Fig. 6. Spherical ash particles 
were visible in the FSD. Partial sintering was observed 
on the surfaces of granules fired at 1350 °C. After firing 
at 1650 °C, complete sintering occurred. In the corre-
sponding photo, larger sharp-edged particles of the ag-
gregates were visible, accompanied by finer particles 
formed during the grinding of the granulate.   

The results of the refractoriness under load analysis 
of the samples R, RK and RA are shown in the graphs in 
Fig. 7 (graphs a and b). In the case of the unfired sample 
R, deflection occurred at a significantly lower tempera-
ture compared to the sample fired at 1350 °C. The deflec-
tion was not caused by lower refractory properties, but 
by shrinkage resulting from sintering and phase trans-
formations. The refractory properties of samples R and 
RK were partly similar. Their more significant defor-
mation during the heat resistance test occurred at tem-
peratures above 1350 °C, likely due to shrinkage, among 
other factors. The addition of alumina increased the de-
formation temperature (Andrews et al. 2013), in the case 
of the RA sample by about 100 °C. 

3.2. Metakaolin 

A commercial sample of metakaolin, designated 
Mefisto L05, had a pozzolanic activity of 932 mg/g. The 
FSD exhibited a low pozzolanic activity of 172 mg/g. Fir-
ing in the temperature range of 600-850 °C increased its 

pozzolanic activity (Fig. 8) with a maximum value of 
476 mg/g observed after firing at 650 °C. This was in ac-
cordance with the results of the thermal analysis, which 
indicated that the dehydroxylation of kaolinite occurs in 
the temperature range of 500–650 °C. Commercial me-
takaolin contained very fine particles with d50 = 3 µm and 
d90 = 10 µm, while metakaolin prepared from FSD con-
tained coarser particles. This was attributed to the lower 
efficiency of the planetary mill used to grind the fired 
granulate. No significant increase in pozzolanic activity 
was observed when the grinding time was extended be-
yond 30 minutes. The same trend was observed for the 
fraction below 32 µm. By grinding metakaolin to a finer 
particle size, or to a size comparable to the commercial 
sample, an increase in its pozzolanic activity could be ex-
pected. However, FSD cannot achieve the pozzolanic ac-
tivity of the commercial sample because it has already 
been partially exposed to high temperatures during in-
dustrial processing, resulting in the conversion of part of 
the original kaolin into high-temperature phases, pri-
marily mullite, as evidenced by the diffractogram in Fig. 
5. 

The fired sample of metakaolin, like the original FSD, 
partially contained high-temperature phases. As a result, 
it showed a lower absorbency compared to the commer-
cial sample. Its oil number was 36 g/100 g, while the 
Mefisto L05 exhibited 51 g/100 g. The difference in ab-
sorbency had to be considered when preparing geopoly-
mer samples with regard to the desired consistency of 
the mixture.  



 Urbánek and Antoš / Challenge Journal of Concrete Research Letters (2026) 17(1) 71–81 76 

 
  

 

Fig. 5. Diffractogram of granulate R (top) and RA (bottom) depending on firing temperature.  
(M – mullite, Q – quartz, C – cristobalite, K – kaolinite, Ms – muscovite, A – anatase, Al – corundum) 
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Fig. 6. Photos of original FSD and fired at temperatures of 650, 1350 and 1650 °C. 

 

 
Fig. 7. Refractoriness under load: (a) Sample R pre-dried at 110 °C and the pre-fired at 1350 °C;  

(b) Samples R, RK and RA pre-fired at 1350 °C; (c) MSCCh and MPSlCh geopolymer samples R  
pre-dried at 60 °C and for comparison sample R pre-dried at 110 °C.  
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Fig. 8. Dependence of pozzolanic activity of FSD on fir-
ing temperature. (According to AFNOR (2012), the re-

sults are expected to fall within a ±10% variation.) 

 
Fig. 9. Flexural and compressive strength and bulk 

density (at the base) of geopolymer samples  
(n = 3; 4).

Test samples of geopolymers MPSl and MefPSl exhib-
ited vibroplastic consistency. Samples with the addition 
of chamotte aggregate MPSlCh, MSSlCh and MSCCh 
showed a ramming consistency. Geopolymers were 
prone to cracking due to shrinkage during setting and 
hardening (Khan et al. 2019). Cracks usually did not oc-
cur in samples containing filler due to an excess of aggre-
gates. The mechanical properties of the samples are 
shown in Fig. 9. Geopolymers from prepared and com-
mercial metakaolin MPSl and MefPSl showed similar 
flexural strength of approx. 6-6.5 MPa, but a different 
compressive strength of 24 MPa compared to 37 MPa. 
The difference can be attributed to the higher content of 
the binding phase in the commercial metakaolin sample, 
whereas the MPSl sample contains partly high-tempera-
ture phases such as mullite. The higher pozzolanic activ-
ity of the commercial metakaolin resulted in increased 
reactivity, as reflected by the shorter setting time of 195 
minutes compared to 255 minutes for the second sam-
ple. The addition of chamotte aggregate improved the 
mechanical properties by reducing shrinkage and crack-
ing. Sodium water glass activated geopolymers exhibited 
higher strength than potassium activator, in accordance 
with the literature. The reasons for this are as follows: 
NaOH has a greater ability to liberate silicate and alumi-
nate monomers during the initial stage of the geopoly-
merization process, when the aluminosilicate (me-
takaolin) particles are dissolved (Duxson et al. 2007, Li 
et al. 2025; Provis and Deventer 2009). The second rea-
son is the smaller ionic radius of Na⁺, which promotes 
the formation of a denser and more highly cross-linked 
aluminosilicate gel (Hounsi, et al. 2019). The best me-
chanical properties were achieved when sodium glass 
was used as an activator and alumina cement as a hard-
ener, when the flexural strength was 15 MPa and the 
compressive strength was 85 MPa.   

The results of refractoriness under load of selected 
geopolymer samples are shown in Fig. 7 (graph c). For 

comparison, the progression of the sample R was also in-
cluded. The samples were not pre-fired. In the tempera-
ture range of approximately 100-200 °C, minor defor-
mation occurred, probably caused by drying and hard-
ening. As the temperature increased, a slight expansion 
of the samples was observed due to thermal expansion. 
In the temperature range of 850-1000 °C and 1150-1250 
°C, more significant deformations of the samples oc-
curred due to the effect of melting oxides CaO, K2O and 
Na2O and due to phase transformations. The sample with 
sodium-based activator was deformed at lower temper-
atures, in accordance with the literature (Zarębska et al. 
2022). In contrast, the original MSCCh sample contained 
only 1.9 wt.% Na2O, whereas the MPSlCh sample con-
tained 3.8 wt.% K2O, due to the differences in silicate 
modulus and solids content of the sodium and potassium 
water glasses (SWG and PWG). This highlights the strong 
fluxing effect of Na2O. The CaO content in the MSCCh and 
MPSlCh samples is relatively low, at approximately 
1 wt.%, and is therefore not expected to significantly re-
duce the refractory properties. Its primary source is the 
cement hardeners or slag, which are incorporated in a 
very small proportion of around 3 wt.%. 

The main product of the geopolymer reaction is an al-
kaline aluminosilicate gel with a low degree of structural 
order, whose development is influenced, among other 
factors, by the K/Si, Na/Si, and Al/Si ratios. Short setting 
times and higher K/Si (or Na/Si) ratios lead to a less 
crystalline product (Shi et al. 2025). This effect is also at-
tributed to the addition of slag or cement hardeners, 
which supply calcium that reacts with the dissolved sil-
icate precipitates in the activator and accelerates the 
formation of the C-A-S-H gel and thus the geopolymeri-
zation (Kabirova et al. 2022). As a result of the rela-
tively short setting times, the prepared geopolymers 
remain predominantly amorphous except for the high-
temperature mullite and cristobalite phases present in 
the original FSD. The geopolymer structure, including 
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porosity, is influenced by the amount of mixing water, 
which was adjusted to achieve a similar consistency 
across geopolymer binders and mixtures, a key factor for 
material processing. In the case of metakaolin, water ab-
sorption is indirectly related to its reactivity, which sup-
ports the observation that a higher oil absorption value 
of the commercial metakaolin corresponds to higher 
strength of the geopolymer binder MefPSl compared to 
MPSl. The mixing water content also depends on the 
type of alkaline activator used. Potassium water glass 
exhibits higher stability in aqueous solutions due to the 
lower hydration energy of K+ compared to Na+, which 
allows for a higher solids concentration. Consequently, 
the potassium water glass used contained 54 wt.% dry 
matter, whereas the sodium water glass contained only 

42 wt.% dry matter. The formation of N–A–S–H gel re-
sults in a greater proportion of bound water relative to 
P–A–S–H gel. The higher water-binding capacity may ac-
celerate the transformation of free water into gel-bound 
water, leading to a reduction in the fluidity of fresh geo-
polymer pastes (Zhang et al. 2020). 

The following table presents a comparison of the me-
chanical properties of the prepared geopolymer samples 
with examples reported in the literature. The obtained 
strengths are relatively high, particularly for the sample 
activated with sodium water glass. Aggregate, as well as 
other potential additives, appears to have a significant 
influence. For instance, several studies report that the 
addition of fibers leads to a significant increase in flex-
ural strength.

Table 5. Comparison of results with literature data (Bezerra and Luz 2024; Albidah, et al. 2021; Mohmmad et al. 
2023; Skyrianou et al. 2025; Kuenzel et al. 2014; Xu et al. 2025; Borçato et al. 2023; Latella et al. 2008; Li et al. 2022; 

Chairunnisa et al. 2024; Tippayasam et al. 2014; Zhang et al. 2023; Yang et al. 2022).  

Title Activator σC (MPa) σFL (MPa) 

MSCCh Na-based 84.6 15.0 

Literature Na-based 35.3‒100.0 5.2‒30.0 

MPSlCh K-based 41.2 11.9 

Literature K-based 30.3‒80.0 6.7‒13.1 

4. Conclusions 

Fly shale dust FSD mixed with water could be 
pelletized by extrusion through an adapter with circular 
meshes with a diameter of 9 mm. The key to creating cy-
lindrical granules was to maintain a relatively narrow 
water content, when the mixture had the consistency of 
a ductile mass with lower plasticity. If the water content 
was low, the extruder could not push the mixture 
through the output adapter. Otherwise, the extruded 
mixture stuck together. The dried granulate contained 
particles in the range of approximately 0-10 mm, while 
the proportion of fine particles below 1.25 mm was 22%. 
Industrial-scale extrusion or pellet pressing could likely 
produce denser granules with lower porosity. The com-
pressive strength of the dried mixture reached around 1 
MPa. By firing granulate, it was possible to produce a re-
fractory aggregate with a bulk density of 2180 kg/m3, an 
absorbency of 4.1% and an apparent porosity of 9.0%. 
With the addition of alumina (RA sample), sintering oc-
curred at a temperature 200-250 °C higher. At the same 
time, it exhibited a higher degree of mullitization during 
firing. This confirmed that the refractory properties of 
aggregates corresponded to their sintering activity (Liu 
et al. 2022). The material prepared in this study was 
comparable to lower quality commercial chamotte, but it 
still exhibits very good properties. Although it contained 
a slightly higher proportion of TiO2, the material main-
tained a high refractoriness above 1670 °C, due to its 
high Al2O3 content and low alkali oxide content. 

By firing the FSD granulate at a temperature of 650 °C, 
it was possible to increase the pozzolanic activity of the 
powder from the original 172 mg/g to 476 mg/g. For 

comparison, the commercial sample of metakaolin had a 
higher pozzolanic activity of 932 mg/g. The prepared 
pozzolanic material has been successfully tested for the 
production of geopolymers, achieving a flexural strength 
of 15 MPa and a compressive strength of 85 MPa. There-
fore, it can be considered suitable as an active additive in 
construction materials. The addition of metakaolin to ce-
ment typically ranges between 5 and 15%, while in spe-
cial applications it may reach up to 25%. Fillers are com-
monly added at levels of up to 5%. The metakaolin pre-
pared in this study contains a partial filler component, 
primarily the high-temperature phase mullite. There-
fore, its addition into concrete mixtures is optimum, as 
both its pozzolanic activity and filler effect can be uti-
lized. In the case of cement itself, a lower addition should 
be considered, with expected levels of approximately 5–
8%, which also contributes to a reduction in CO₂ emis-
sions associated with cement production. 

Although the products from both studied processes 
exhibit lower quality than commercially available vari-
ants, they still represent materials with high potential 
applications. Refractory aggregate could be used for the 
production of fireclay bricks or castables. Metakaolin 
could be added to concrete mixtures, serving both as a 
reactive component with cement and as a filler. Their 
technological production process involves standard op-
erations such as granulation, drying, firing, and grinding. 
However, the critical factor in industrial scale will be the 
techno-economic analysis, which should consider re-
duced energy costs for input processing (crushing and 
grinding), increased costs for treatment (granulation), 
lower revenues due to slightly inferior product quality, 
and simultaneously lower landfill costs. 
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