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1. INTRODUCTION

ABSTRACT

The present study was undertaken to check the feasibility of magnesium phosphate cement (MPC)
for the immobilization of calcite-precipitating bacteria. An aqueous route of MPC synthesis was
followed using magnesium phosphate Mg,(PO,), powder and ammonium phosphate solution.
The Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM)
analysis confirmed the synthesis of MPC. The thermal decomposition analysis (TGA) showed de-
composition of struvite between 50-60 °C - Paenibacillus sp. NCIM 5410 was used due to its urea
hydrolysis ability. pH 9 was found to be optimum for urea hydrolysis. The urea hydrolysis steadily
decreased with an increase in temperature from 30 °C to 60 °C. The hydrolysis was seen to in-
crease with an incubation time of up to 72 h and subsequently reduced. The bacteria showed 90%
urea hydrolysis at pH 9, 30 °C temperature, and after 72 h. The bacterial spores were incorporated
during MPC synthesis, which helped their immobilization. The bacterial spore-containing MPC
decomposed around 70 (+0.48)% of urea. Further, calcite precipitation was studied. The precipi-
tate formed due to bacterial action in the MPC crack showed the presence of calcium. The calcite
precipitation helped to reduce the water absorption by MPC specimens. The spore containing
MPC specimens showed around 2.62 (+0.55) % water absorption. These results suggest that it is
possible to synthesize bioactive MPC by immobilizing bacterial spores in MPC.

Citethisarticleas:Patil,D.,Sapkal, A.,Pranav,S.,Lahoti,M.,Gadekar, A.,Pable, A., &Jadhav, U. U.
(2024). Preparation of calcite-precipitating bacteria-embedded magnesium phosphate cement
for self-healing application. J Sustain Const Mater Technol, 9(1), 1-10.

increasing demand for rapid and durable repair materi-
al [3]. Magnesium phosphate cement (MPC) has recently

Following the technological revolution and the increase
in human population, the construction industry is growing
rapidly [1]. Concrete is an inherent part of the construc-
tion industry, and it is the Earth's second most widely used
material, after water. Besides all its advantages, a concrete
structure is prone to deterioration. With time, small cracks
appear in concrete structures. The water enters through
these cracks, leading to durability issues such as corrosion,
which may damage the structure [2]. Therefore, there is an

*Corresponding author.
*E-mail address: umeshjadhav02@gmail.com

emerged as a fast repair material for concrete structures [4].
It differs from ordinary Portland Cement (OPC) but bonds
well to the old concrete substrate [5]. It is chemically bond-
ed ceramic. It is a new binder material formed through ac-
id-base reactions between magnesia and the alkali metal or
ammonium phosphates [6]. It is a clinker-free binder with
a quick-setting, high early compressive strength, good vol-
ume stability, strong bonding strength, minor shrinkage,
and good abrasion resistance [7, 8].
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With the rapid economic development, the need for basic
infrastructure is increasing. This resulted in the construction
of new roads. Currently, the roads are built mainly using
cement concrete. The traditional maintenance method for
roads involves the removal of the damaged part and then re-
building it. In the case of cement-concrete roads, this meth-
od is not only expensive but also time-consuming. Hence,
it requires quick repair options. MPC is known for its rapid
setting and hardening characteristics. This makes it suitable
for quick repairs, allowing faster turnaround times in con-
crete structure maintenance [9, 10]. It is an effective bonding
agent for attaching new concrete to existing surfaces. The ce-
ment adheres well to various substrates, promoting a strong
bond [11, 12]. Repairing concrete structures is paramount in
natural disasters, accidents, and unforeseen situations. There
might be situations where the structure needs to be repaired
in a submerged or wet environment. The quick-setting na-
ture of MPC makes it suitable for underwater repairs [7]. The
corrosion resistance ability of MPC makes it the right choice
for repairing structures in aggressive environments, such
as those exposed to chemicals or marine conditions. MPC
develops high early strength, allowing repaired structures to
be returned to service sooner. This can be crucial in mini-
mizing downtime for bridges, highways, and buildings [13,
14]. In cases where the structure's integrity has been com-
promised, MPC can be used as part of a comprehensive reha-
bilitation strategy, ensuring that the repaired sections meet
the necessary structural requirements [15, 16]. To extend
the applicability of MPC in concrete structure repairs, cal-
cite-precipitating microorganisms can be embedded in the
MPC matrix to achieve the self-healing phenomenon in the
structures. Previously, geopolymers were used to immobilize
calcite precipitation bacteria [17]. Producing geopolymer
involves combining an alkaline solution that can trigger the
geo-polymerization process with an aluminosilicate source,
such as coal fly ash or other waste by-products [18]. The geo-
polymer material utilizes less carbon and is an energy-inten-
sive process. Doctolero et al. [18] produced bio-geopolymers
using alkali activation of coal fly ash mixed with self-heal-
ing agents using biochar-immobilized B. sphaericus and B.
thuringiensis [18]. Ekinci and his colleagues [19] studied the
microbial self-healing capacity of geopolymer binders. The
Na_SiO, activated GP samples were made from ground blast
furnace slag (GBFS). Bacillus subtilis was used as the healing
agent to produce GP samples. This resulted in geopolymer
composites having self-healing mechanisms with good me-
chanical qualities and durability. Similarly, Soltmann et al.
[20] showed that it is possible to immobilize Saccharomyces
cerevisiae and Rhodococcus ruber in MPC. They produced
MPC at low temperatures by mixing magnesium phosphate
(Mg,(PO,),) powder and ammonium phosphate solution.
They found the produced MPC had developed strength
rapidly with low shrinkage and very good mechanical and
chemical durability. The immobilization of microorganisms
in the MPC matrix is promising since it follows an aqueous
preparation route. Considering these benefits, the present
study was undertaken to immobilize the calcite-precipitat-
ing bacteria in MPC. Such bioactive material can be used

as cement plaster in sewers. The compatibility of MPC with
concrete will open new paradigms for self-healing applica-
tions in concrete.

2. MATERIALS AND METHODS

2.1. The Microbial Culture and Chemicals

Paenibacillus sp. NCIM 5410 was procured from the
National Collection of Industrial Microorganisms (NCIM),
National Chemical Laboratory (NCL), Pune, India. Magne-
sium phosphate powder [Mg,(PO,),], urea, dlammonium
hydrogen phosphate [(NH,),HPO,], ammonium dihydro-
gen phosphate [NH,H,PO,], potassium phosphate dibasic
[K,HPO,], potassium phosphate monobasic [KH,PO,],
Nessler’s reagent was purchased from Sigma Aldrich. Luria
Bertani (LB) was used as a growth medium. The compo-
sition of the precipitation medium was - 3 g/L Nutrient
broth, 20 g/L urea, 1 g/L ammonium chloride [NH,Cl], and
5.6 g/L calcium chloride [CaCl,].

2.2. Bacterial Spore Formation

Cells of Paenibacillus sp. were grown in LB media con-
taining MnSO,.H,O. The media was placed in a water bath
at 80 °C for 10 minutes, followed by ice water treatment
for 5 minutes. Media was centrifuged at 8000 rpm for 15
minutes, then the pellet was taken, and the supernatant
was discarded. Saline wash was given to the pellet, and cells
were stored at 4 °C. Endospore staining was performed for
confirmation of spores. A clean glass slide was taken. The
bacterial sample was spread on the slide and heat-fixed. The
slide was flooded with a primary stain of malachite green
solution and heated to steaming three or four times. The
slide was allowed to cool, and the smear was rinsed with
water to remove excess stains. The bacterial cells were coun-
terstained with 0.5% safranin, contrasting the endospores.
The glass slide was washed, dried, blotted, and observed
under a light microscope. Lyophilization was carried out to
obtain the spore powder.

2.3. Microbial Urea Hydrolysis

0.5 g spores of Paenibacillus sp. NCIM 5410 was inocu-
lated in 50 ml LB media and incubated at 30 °C for 24 h. 200
pl grown culture was spread on a Luria Bertani agar plate and
incubated at 30 °C for 24 h. Isolated colonies were picked
and inoculated in a flask with 50 ml LB media and incubat-
ed at 30 °C for 24 h. The grown culture is taken and centri-
fuged at 8000 rpm for 15 minutes. Then, OD was adjusted
to 1, and a 500 pl culture was inoculated in urea containing
LB media (50 ml). It is incubated at 30 °C for 24 h. After 24
hours, the media is centrifuged at 8000 rpm for 15 minutes.
The supernatant (free of bacterial cells) was collected by cen-
trifugation. The urea hydrolysis was determined by NASH
assay. NASH reagent method gives an idea about bacterial
hydrolysis of urea to ammonia and carbon dioxide. Nessler's
reagent and ammonia combine to form a yellow complex,
and the complex's absorbance is directly proportional to the
ammonia concentration. Consequently, it can be used to cal-
culate urea hydrolysis. First, 0.1 ml supernatant was added
to 1.9 ml buffer for the NASH assay. 0.5 ml 500 mM H,SO,
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was added. Then 0.5 ml of Nessler's reagent was added and
incubated at dark conditions for 30 minutes, and absorbance
was recorded on a spectrophotometer at 480 nm. Readings
were acquired, and ammonium content was determined by
comparing them to a standard graph. For a standard graph,
known concentrations of ammonium chloride are used [21].

2.4. Optimization of Bacterial Urea Hydrolysis

Various parameters were used to study bacterial urea
hydrolysis. The parameters studied were pH (7-11), tem-
perature (30-60 °C), and time duration (24-96 h).

2.5. MPC Synthesis

The MPC was synthesized as described by Soltmann [20]
with slight modifications. Various combinations of ammoni-
um phosphate solution (10-14 ml) are mixed with 5 g mag-
nesium phosphate powder in a beaker. The content is mixed
vigorously and poured into an ice-making tray with trape-
zoidal shape wells. The ice-making tray is used as a mold to
form the specimen. The tray is kept at 37 °C for 24 h. After 24
h, specimens were removed from the tray. The specimens, 1.8
cm x 1.5 cm x 1.3 cm in size, were formed. They were kept in
a hot oven at 60 °C for 36 h. Specimens are taken out from the
oven for further analysis. The spore containing MPC was syn-
thesized by taking a mixture of 0.5 g Paenibacillus sp. NCIM
5410 spores and 4.5 g magnesium phosphate powder. An am-
monium phosphate solution was added to this mixture.

2.6. Analysis of Spore Leakage from MPC

The analysis of spore leakage was carried out as de-
scribed by Jadhav et al. [17]. MPC specimens with and
without spores were crushed. Both samples' powder (~
0.15 g) was added into 20 ml sterile saline in two falcon
tubes. The content of the falcon was vortexed for 2 minutes
and then kept static for 15 minutes at room temperature.
From this solution, ten-fold serial dilutions (a total of five
dilutions) were prepared. After that, 100 ul suspension was
taken from an appropriate dilution and was spread onto a
urea-containing agar plate homogeneously. All agar plates
were incubated upside down at static conditions at 30 °C for
48 h and monitored for the appearance of colonies.

2.7. Viability of Immobilized Spores Using Urea

Hydrolysis

The viability of bacterial spores was determined by
studying urea hydrolysis. The MPC specimens with and
without spores were sterilized by Tyndallization [22]. The
specimens were then immersed in urea containing 50 ml LB
media. One flask with only urea-containing media was kept
as control. In another flask, free spore powder was added
and used as a positive control. All the flasks were incubated
at 30 °C for 24 h. After 24 h, the specimens were taken out,
and the media was centrifuged to collect the supernatant.
The supernatant was used to study urea hydrolysis. NASH
assay was performed to check the urea hydrolysis.

2.8. Calcite Precipitation and Self-healing
For crack healing of the specimen, precipitation me-
dia was prepared with 0.3 g nutrient broth, 1 gNH,CI, 2 g

urea, and 0.56 g CaCl, in 100 ml distilled water. The cracks
were generated in spores containing MPC specimens. Cal-
cite precipitation and self-healing were studied by running
wet and dry cycles. The specimens were immersed in a 100
ml precipitation medium. The flask was incubated at 30 °C
for 24 h at static conditions. After 24 h, specimens were re-
moved from the press and dried at room temperature for
24 h. Then, the specimens were again immersed in precip-
itation media. Such wet and dry cycles were performed for
seven days.

2.9. Effect of Calcite Precipitation on Water

Absorption by MPC Specimen

The MPC specimens with and without spores were im-
mersed in precipitation media. The wet and dry cycles were
carried out for 7 days. The specimens were dried in an oven
at 60 °C. Afterward, these specimens were immersed in the
beaker with 100 ml of distilled water. The specimens were
kept in water overnight. Specimens were taken outside. The
weight of the specimens was determined before (w) and af-
ter (w’) immersing them in water. The % water absorption
was calculated as shown in the formula:

%Absorption=(W’-W)x100/W

2.10. Analytical Techniques Used for Characterization

The functional groups present in magnesium phosphate
powder, MPC, etc., were analyzed by Fourier-transform
infrared spectroscopy (Jasco FT/IR-6100, Japan). The mi-
crostructure was investigated using scanning electron mi-
croscopy (SEM) (FEI Nova SEM 450, Netherlands). The
thermal behavior of MPC was studied by thermogravimet-
ric analysis.

2.11. Statistical Analysis

The data analysis was performed utilizing OriginPro
2020 SR19.7.0.188 statistical analysis software. The sta-
tistical significance of the differences between means was
assessed using a one-way analysis of variance (ANOVA)
followed by Tukey's test. All experiments were conducted
thrice; the presented values represent the means + standard
deviation (SD). Symbols with different letters indicate sig-
nificant differences (p<0.05) between the compared groups.

3. RESULTS

3.1. The Optimization of Bacterial Urea Hydrolysis

Paenibacillus sp. NCIM 5410 was used in the present
study considering its halophilic nature, urea hydrolyzing,
and spore-forming ability. The endospores protect ureolyt-
ic bacteria from death under adverse conditions [23]. This
makes the application of Paenibacillus sp. NCIM 5410 is
suitable for the bio-cementation process. The endospores
can help survive the high pH conditions of Portland ce-
ment-based concrete. It also helps to overcome desiccation
and pore size shrinkage in concrete environments. The urea
hydrolysis at different pH, temperature, and incubation
times was experimentally investigated. As shown in Figure
1, the urea hydrolysis increased with increasing pH. PH 9
was found to be optimum for urea hydrolysis.
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Figure 1. Effect of pH on urea hydrolysis by Paenibacillus
sp. NCIM 5410.

The urea hydrolysis decreased at higher pH values. Sev-
eral researchers reported that pH 8-9 is ideal for bacteri-
al calcite precipitation [23]. Bacterial hydrolysis of urea is
important to achieve calcite precipitation [24]. Hence, the
ability of Paenibacillus sp. NCIM 5410 to hydrolyze urea at
pH 9 is advantageous. The effects of temperature on urea
hydrolysis can be found in Figure 2. The urea hydrolysis
steadily decreased and increased in temperature from 30 °C
to 60 °C. The optimum temperature in the present study for
Paenibacillus sp. 5410 was 30 °C. Some reports showed that
37 °C is the optimum temperature for B. sphaericus [25].

Similarly, the optimum pH in the present study was 9,
whereas Singh et al. [25] got 7 for B. sphaericus [25]. Fig-
ure 3 shows the effect of incubation time on urea hydrolysis.
The hydrolysis increased with incubation time up to 72 h and
subsequently decreased. The increasing trend might be be-
cause of an increase in bacterial growth and an increase in
bacterial production of urease enzyme. The exhaustion of nu-
trients, cell death, and enzyme degradation might be respon-
sible for the decrease in urea hydrolysis after 72 h. A similar
phenomenon of urea hydrolysis has been reported by several
researchers [26]. Dhami et al. [27] said the urease activity to
be around 650 U/ml for Bacillus megaterium S33, which was
investigated at 37 °C for 96 h [27]. In the present study, the
spores of Paenibacillus sp. NCIM 5410 was generated and
used in further experiments to prepare bioactive MPC.

3.2. Preparation and Characterization of Cements

with Embedded Microorganisms

The MPC without bacterial spores was prepared as de-
scribed by Soltmann et al. [20] with slight modifications
using magnesium phosphate powder and ammonium
phosphate solution. Adding 13 ml ammonium phosphate
solution to 5 g magnesium phosphate powder gave a better
consistency; hence, this combination was used in further ex-
periments. The slurry system showed a fast setting caused by
the formation of ammonium phosphate hexahydrate (Fig.
4). Soltmann et al. [20] also reported similar observations.

Figure 2. Effect of temperature on urea hydrolysis by Paeni-
bacillus sp. NCIM 5410.
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Figure 3. Effect of incubation time on urea hydrolysis by
Paenibacillus sp. NCIM 5410.

The reaction was carried out at neutral pH. This type
of binder material is suitable for the immobilization of cal-
cite-precipitating bacteria. MPC specimens with and with-
out spores were not breaking after overnight treatment with
water (data not shown). The MPC with bacterial spores is
prepared by adding 0.5 g of spore powder to the reaction
mixture. It is reported that ammonium magnesium phos-
phate hexahydrate [(NH,)MgPO,.6H,0O, Struvite] is formed
as a primary reaction product when ammonium phosphate
solution and magnesium phosphate powder are mixed [20,
28]. It is further confirmed by FTIR analysis. The function-
al groups are observed in the region of OH stretching vi-
brations of H,O molecules at 3728, 3604, and 3532 cm™. A
band at 2382 cm™ corresponds to the stretching vibrations
of the PO-H bond. The bands at 1643 and 1535 cm™ cor-
respond to in-plane H-O-H bending vibrations of at least
two different types of water molecules (Fig. 5). The other
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Figure 4. Magnesium phosphate cement specimen.
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Figure 5. FTIR Spectrum of (a) Mg,(PO,), (b) MPC.

bands are assigned to 1138 and 1012 cm™' stretching vibra-
tions of (PO,)*" and bending vibrations at 680 cm™ [29].
Meanwhile, Figure 4 shows structural vibrations of water
occurring at 3847, 3604, and 3525 cm™. Also, at 1641 and
1535 cm™, bending vibrations of water occurred. The bands
appeared at 752, 680, and 999 cm’!, assigned to different
modes of vibrations of (PO,)’. The band at 1427 cm™ is at-
tributed to NH,. These results confirm the presence of the
struvite [30]. The abrasion resistance of the as-prepared
MPC specimen was tested by shaking the MPC specimen
in water for 24 h. A minimal abrasion was observed (data

not shown). The samples of spores, Mg (PO,),, and MPC
with and without spores were analyzed using a photography
camera and SEM. Figure 6a-d in the supporting document
shows the appearance of spores, Mg,(PO,),.

MPC without spores, and MPC with spores in images
captured by the photographic camera. Figure 7a—-d show
images of the same samples analyzed by SEM. Small circular
structures in Figure 7a are spores of Paenibacillus sp. whose
particle size ranges from 2-20 pum. Figure 7b shows irreg-
ular morphologies present in Mg (PO,), powder, for which
the particles have a size between 0.05-0.75 um. Figure 7c
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Figure 6. Appearance of various samples (a) photographic image of spore powder (b) photographic image of Mg,(PO,),
powder (c) photographic image of MPC cube without spores (d) photographic image of MPC cube with spores.

shows the presence of rod-shaped struvite in MPC having
1.5-9.5 pum particle size. Similar needle or rod-shaped mor-
phologies were reported previously for MPC [31, 32]. MPC
is formed due to a continuous dissolution and precipitation
reaction, resulting in a stable ceramic product. It compris-
es equimolar concentrations of Mg, ammonium (NH*),
and phosphate (PO,*") combined with six water molecules.
Mg, (PO,), reacts with ammonium phosphate solution to
form struvite (MgNH,PO,+6H,0). The most general re-
action equation assumes that three kinds of free ions bind
with 6 moles of water to form MgNH PO, «6H,0 (Eq. 1)
[28, 33, 34] Figure 7d shows that struvite particles of 11 pm
size cover the spores.
Mg + NH* + PO + 6HO ~ MgNH_PO6HO (1)
Thermogravimetric analysis (TGA) and derivative ther-
mogravimetry (DTG) were also conducted on the MPC
samples; the results are shown in Figure 8. Only two prom-
inent peaks were observed in the DTG of the sample, both
below 200 °C. The peak at ~150 °C corresponds to a loss of
physically and chemically bound water, while the peak at
~100 °C could correspond to the decomposition of struvite
according to previous research [30, 35, 36].

3.3. Study of Leaching of Spores from MPC Matrix,

Viability, and Crack Healing Phenomenon

A study was conducted to find the immobilization
of spores in the MPC matrix. The results show no bac-
terial colonies on the plates for MPC with and without
spores (Fig. 9).

4. DISCUSSION

It is evident from these results that the MPC matrix
holds and protects the spores from external mechanical
force. The viability of bacterial spores in the MPC matrix
was determined by immersing the spore-containing MPC
specimen in a containing medium. The amount of urea
decomposed was studied. The control, urea-containing
medium without spores, and the urea-containing medium
containing MPC (without spores) showed negligible hy-
drolysis of urea. Free bacterial spores showed the highest
urea hydrolysis. The bacteria-containing MPC decomposed
around 70 (+0.48) % of urea (Fig. 10). These results suggest
that the cementation process did not cause any damage to
the bacterial spores.

The MPC provided a microenvironment for the germi-
nation and growth of bacterial spores, thus protecting the
bacteria from the external environment. The crack was cre-
ated in an MPC cube, and the self-healing of the crack was
studied. The crack healing was observed in 7 days (data not
shown). The samples were collected from the healed area and
analyzed using SEM-EDS. The EDS analysis confirmed the
presence of Ca in the healed product (Fig. 11). This shows the
calcite-precipitating ability of Paenibacillus sp. NCIM 5410.

Wang et al. [37] found that the amount of urea decom-
posed by the free bacterial cells in the high pH cement slur-
ry was significantly decreased, from 95% to less than 5%.
However, they observed that the immobilization of bacteri-
al cells increased the urea hydrolysis. In another study, Jad-
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Figure 7. Appearance of various samples (a) SEM image of spore powder (b) SEM image of Mg,(PO,), powder (c) SEM
image of MPC cube without spore powder (d) SEM image of MPC cube with spore powder.

hav et al. [17] synthesized geopolymer to immobilize the
bacterial cells. They found that the geopolymer reaction did
not cause any damage to the bacterial spores, and the spores
got activated when the bacteria-containing geopolymer
specimen was immersed in a urea-based medium. These
activated cells decomposed 98 (+£0.20)% of urea was de-
composed. The geopolymer provides interconnected pores
and sufficient space to accommodate the bacterial spores
and reactivated bacterial cells. A similar phenomenon hap-
pens with MPC synthesized in the present study. The viabil-
ity of the spores after being immobilized into microcapsules
was also reported by Wang et al. [38].

A study was conducted to examine the effect of cal-
cite precipitation on the water absorption behavior of
MPC cubes. The results show reduced water absorption
for the specimens containing spores. The specimens with-
out spores showed 5% water absorption, while those with
spores showed 2.6% (Fig. 12). These specimens were im-
mersed in a precipitation medium before the water absorp-
tion test. The precipitation medium might have provided
the nutrients to spores, which helped them germinate. The
germinated spores transformed into vegetative bacterial
cells, and these cells might have produced calcite. The as-
built calcite might have filled the pores of the MPC speci-
men, thereby reducing the water absorption.
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Figure 8. Thermogravimetric analysis of MPC.

5. CONCLUSION

This study successfully achieved the synthesis of MPC
via an aqueous route. As a clinker-free binder character-
ized by rapid setting, high early compressive strength,
excellent volume stability, robust bonding strength, min-
imal shrinkage, and superior abrasion resistance, MPC
becomes an ideal material for immobilizing bacterial
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Figure 9. Study of leakage of spores from MPC (a) sample
without spore (b) sample with spore.
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Figure 10. Viability testing by urea hydrolysis test.

spores. It prevents the compression of spores, a phenome-
non commonly observed in concrete, conferring a durable
self-healing attribute to MPC.

The aqueous route facilitated the effective immobiliza-
tion of bacterial spores within MPC. Notably, MPC demon-
strated its ability to retain bacterial spores, which is evident
through urea hydrolysis and calcite precipitation. These
findings indicate that MPC can safeguard spores for extend-
ed storage durations. However, it is essential to note that
the present study did not assess spore viability over periods
exceeding five months. The amalgamation of MPC matrix
with bacteria holds promise in creating a bioactive material.

Considering the future applications of MPC-containing
bacteria, particularly in scenarios requiring rapid repairs,
is crucial. The harsh environmental conditions of concrete
can be effectively countered by MPC, safeguarding bacteria
from adverse conditions. MPC is already employed as a re-
pair material for diverse concrete structures, and incorpo-
rating bacteria into MPC provides an additional advantage
by imparting self-healing capabilities.

ACKNOWLEDGMENTS
The author, Deeksha Patil, would like to acknowledge DBT.

Full Scale 626 cts Cursor: 0.000 ke

Figure 11. (a) SEM and (b) EDS analysis of the healed product.

6

5
S

8
£
2

" 3
&
)
=
z

2

1

0

MPC cube without spore MPC cube with spore
Sample type

Figure 12. Water absorption (a) without spore and (b)
with spore.

ETHICS

There are no ethical issues with the publication of this
manuscript.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the
findings of this study are available within the article. Raw
data that support the finding of this study are available from
the corresponding author, upon reasonable request.



J Sustain Const Mater Technol, Vol. 9, Issue. 1, pp. 1-10, March 2024

CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.
FINANCIAL DISCLOSURE

The authors declared that this study has received no fi-
nancial support.

USE OF Al FOR WRITING ASSISTANCE
Not declared.
PEER-REVIEW

Externally peer-reviewed.

REFERENCES

(1]

(2]

(4]

(5]

(6]

(7]

(8]

(10]

Walling, S. A., & Provis, J. L. (2016). Magnesia-based
cements: A journey of 150 years, and cements for
the future? Chem Rev, 116(7), 4170-4204. [CrossRef]
Nasreen, S., & Suresh Babu, T. (2015). Effect of bac-
teria on 28 days split tensile strength of concrete and
its stress-strain curves. Int J Civ Struct Eng Res, 3(2),
33-38.

Wagh, A. S. (2004). Chemically bonded phos-
phate ceramic matrix composites. In Chemically
Bonded Phosphate Ceramics. (pp. 157-176). Else-
vier. [CrossRef]

Mao, W, Cao, C., Li, X., Qian, J., & You, C. (2022).
Preparation of magnesium ammonium phosphate
mortar by manufactured limestone sand using com-
pound defoaming agents for improved strength and
impermeability. Buildings, 12(3), 267. [CrossRef]

Qin, J., Qian, J,, You, C,, Fan, Y,, Li, Z., & Wang, H.
(2018). Bond behavior and interfacial micro-charac-
teristics of magnesium phosphate cement onto old
concrete substrate. Constr Build Mater, 167, 166—
176. [CrossRef]

Hong, S., Zhang, J., Liang, H., Xiao, J., Huang, C,,
Wang, G., Hu, H,, Liu, Y,, Xu, Y, Xing, E, & Dong,
B. (2018). Investigation on early hydration features
of magnesium potassium phosphate cementitious
material with the electrodeless resistivity method.
Cement Concrete Compos, 90, 235-240. [CrossRef]
Jia, X., Li, J., Wang, P, Qian, J., & Tang, M. (2019).
Preparation and mechanical properties of mag-
nesium phosphate cement for rapid construction
repair in ice and snow. Constr Build Mater, 229,
116927. [CrossRef]

Haque, M. A., & Chen, B. (2019). Research progress
on magnesium phosphate cement: A review. Constr
Build Mater, 211, 885-898. [CrossRef]

Zhou, H., Agarwal, A. K., Goel, V. K., & Bhadu-
ri, S. B. (2013). Microwave assisted preparation
of magnesium phosphate cement (MPC) for or-
thopedic applications: A novel solution to the
exothermicity problem. Mater Sci Eng C, 33(7),
4288-4294. [CrossRef]

Xing, S., & Wu, C. (2018). Preparation of magne-
sium phosphate cement and application in concrete
repair. MATEC Web Conf, 142, 02007. [CrossRef]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

Li, Y., Bai, W,, & Shi, T. (2017). A study of the bond-
ing performance of magnesium phosphate cement
on mortar and concrete. Constr Build Mater, 142,
459-468. [CrossRef]

Jia, L., Zhao, E, Yao, K., & Du, H. (2021). Bond per-
formance of repair mortar made with magnesium
phosphate cement and ferroaluminate cement. Con-
str Build Mater, 279, 122398. [CrossRef]

Li, Y., & Chen, B. (2013). Factors that affect the
properties of magnesium phosphate cement. Constr
Build Mater, 47, 977-983. [CrossRef]

Gardner, L. J., Bernal, S. A., Walling, S. A., Corkhill,
C. L., Provis, J. L., & Hyatt, N. C. (2015). Character-
isation of magnesium potassium phosphate cements
blended with fly ash and ground granulated blast fur-
nace slag. Cement Concrete Res, 74, 78-87. [CrossRef]
Ma, H., Xu, B,, Liu, J., Pei, H., & Li, Z. (2014). Effects
of water content, magnesia-to-phosphate molar ra-
tio, and age on pore structure, strength, and perme-
ability of magnesium potassium phosphate cement
paste. Mater Des, 64, 497-502. [CrossRef]

Jia, X., Luo, J., Zhang, W,, Qian, J., Li, J., Wang, P,
& Tang, M. (2020). Preparation and application of
self-curing magnesium phosphate cement concrete
with high early strength in severe cold environ-
ments. Materials, 13(23), 5587. [CrossRef]

Jadhav, U. U,, Lahoti, M., Chen, Z., Qiu, J., Cao, B., &
Yang, E. H. (2018). Viability of bacterial spores and
crack healing in bacteria-containing geopolymer.
Constr Build Mater, 169, 716-723. [CrossRef]
Doctolero, J. Z. S., Beltran, A. B., Uba, M. O., Tigue,
A. A. S., & Promentilla, M. A. B. (2020). Self-heal-
ing biogeopolymers using biochar-immobilized
spores of pure-and-co-cultures of bacteria. Minerals,
10(12), 1114. [CrossRef]

Ekinci, E., Turkmen, 1., & Birhanli, E. (2022). Per-
formance of self-healing geopolymer paste pro-
duced using Bacillus subtilis. Constr Build Mater,
325, 126837. [CrossRef]

Soltmann, U., Nies, B., & Bottcher, H. (2011). Ce-
ments with embedded living microorganisms - a
new class of biocatalytic composite materials for ap-
plication in bioremediation, biotechnology. Adv Eng
Mater, 13(1-2), B25-B31. [CrossRef]

Liu, E, Cheng, X., Miu, J,, Li, X,, Yin, R., Wang, ],
& Qu, Y. (2021). Application of different methods
to determine urease activity in enzyme engineering
experiment and production. E3S Web Conf, 251,
02057. [CrossRef]

Brown, J. V., Wiles, R., & Prentice, G. A. (1979). The
effect of a modified tyndallization process upon the
sporeforming bacteria of milk and cream. Int ] Dairy
Technol, 32(2), 109-112. [CrossRef]

Aliyu, A. D, Mustafa, M., Aziz, N. A. A., Kong,
Y. C., & Hadi, N. S. (2023). Assessing indigenous
soil ureolytic bacteria as potential agents for soil
stabilization. J Trop Biodivers Biotechnol, 8(1),
75128. [CrossRef]



10

J Sustain Const Mater Technol, Vol. 9, Issue. 1, pp. 1-10, March 2024

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

Krajewska, B. (2018). Urease-aided calcium carbon-
ate mineralization for engineering applications: A
review. ] Adv Res, 13, 59-67. [CrossRef]

Singh, A. K., Singh, M., & Verma, N. (2017). Extraction,
purification, kinetic characterization, and immobiliza-
tion of urease from bacillus sphaericus MTCC 5100.
Biocatal Agric Biotechnol, 12, 341-347. [CrossRef]

Jiang, N. J., Yoshioka, H., Yamamoto, K., & Soga, K.
(2016). Ureolytic activities of a urease-producing
bacterium and purified urease enzyme in the anoxic
condition: Implication for subseafloor sand produc-
tion control by microbially induced carbonate pre-
cipitation (MICP). Ecol Eng, 90, 96-104. [CrossRef]
Dhami, N. K., Mukherjee, A., & Reddy, M. S. (2016).
Applicability of bacterial biocementation in sustain-
able construction materials. Asia-Pac ] Chem Eng,
11(5), 795-802. [CrossRef]

Christel, T., Christ, S., Barralet, J. E., Groll, J., &
Gbureck, U. (2015). Chelate bonding mechanism in
a novel magnesium phosphate bone cement. ] Am
Ceram Soc, 98(3), 694-697. [CrossRef]

Britvin, S. N., Ferraris, G., Ivaldi, G., Bogdan-
ova, A. N., & Chukanov, N. V. (2002). Cattiite,
Mg3(P0O4)2-22H20, a new mineral from Zhelezny
Mine (Kovdor Massif, Kola Peninsula, Russia). Neues
Jahrb Min Monatsh, 2002(4), 160-168. [CrossRef]
Leela, S., Ranishree, J. K., Perumal, R. K., & Rama-
samy, R. (2019). Characterization of struvite pro-
duced by an algal associated agarolytic bacterium
exiguobacterium aestuarii St. SR 101. ] Pure Appl
Microbiol, 13(2), 1227-1234. [CrossRef]

Suguna, K., Thenmozhi, M., & Sekar, C. (2012).
Growth, spectral, structural and mechanical proper-
ties of struvite crystal grown in presence of sodium

(32]

(33]

(34]

(35]

(36]

(37]

(38]

fluoride. Bull Mater Sci, 35, 701-706. [CrossRef]
Lahalle, H., Patapy, C., Glid, M., Renaudin, G., &
Cyr, M. (2019). Microstructural evolution/durabil-
ity of magnesium phosphate cement paste over time
in neutral and basic environments. Cement Concrete
Res, 122, 42-58. [CrossRef]

Liu, Y., Kumar, S., Kwag, J. H., & Ra, C. (2013). Mag-
nesium ammonium phosphate formation, recovery
and its application as valuable resources: A review. |
Chem Technol Biotechnol, 88(2), 181-189. [CrossRef]
Tansel, B., Lunn, G., & Monje, O. (2018). Struvite
formation and decomposition characteristics for
ammonia and phosphorus recovery: A review of
magnesium-ammonia-phosphate interactions. Che-
mosphere, 194, 504-514. [CrossRef]

Yu, J., Qian, J., Wang, E, Li, Z., & Jia, X. (2020).
Preparation and properties of a magnesium phos-
phate cement with dolomite. Cement Concrete Res,
138, 106235. [CrossRef]

Hovelmann, J., Stawski, T. M., Besselink, R., Free-
man, H. M., Dietmann, K. M., Mayanna, S., Pauw,
B. R, & Benning, L. G. (2019). A template-free and
low temperature method for the synthesis of mes-
oporous magnesium phosphate with uniform pore
structure and high surface area. Nanoscale, 11(14),
6939-6951. [CrossRef]

Wang, J. Y., De Belie, N., & Verstraete, W. (2012). Di-
atomaceous earth as a protective vehicle for bacteria
applied for self-healing concrete. ] Ind Microbiol Bio-
technol, 39(4), 567-577. [CrossRef]

Wang, J. Y., Soens, H., Verstraete, W., & De Belie, N.
(2014). Self-healing concrete by use of microencap-
sulated bacterial spores. Cement Concrete Res, 56,
139-152. [CrossRef]



J Sustain Const Mater Technol, Vol. 9, Issue. 1, pp. 11-24, March 2024

Journal of Sustainable Construction Materials and Technologies

JSCVT

Journal of Sustainable Construction
Materials and Technologies

Web page info: https://jscmt.yildiz.edu.tr
DOI: 10.47481/jscmt.1406171

Research Article

Research on the long-term strength development of Datca Pozzolan-

based geopolymer

Kiibra Ekiz BARIS"®, Leyla TANACAN?

!Department of Architecture and Design, Kocaeli University, Izmit, Tiirkiye
’Department of Architecture, Istanbul Technical University, Istanbul, Tiirkiye

ARTICLE INFO

Article history

Received: 17 December 2023
Revised: 25 January 2024
Accepted: 02 February 2024

Key words:

Geopolymer, heat curing, long-
term curing, natural pozzolan,
strength, ultrasound pulse
velocity

1. INTRODUCTION

ABSTRACT

This study examined the influence of long-term curing duration on the properties of geopoly-
mers produced through the geopolymerization reaction between Dat¢a Pozzolan and sodium
silicate and potassium hydroxide solutions. The specimens were heat cured at 90 °C, 95+5%
RH for 24 h initially and then kept under ambient conditions until the tests were conducted
at 7, 90, and 365 days. The results showed that applied initial heat curing was appropriate to
achieve high early and long-term strength. Geopolymer mortars with 12.5 M and 2.5 activator
ratios had the lowest porosity (20.90%) and the highest ultrasound pulse velocity (UPV) (3.10
km/s), compressive strength (10.57 MPa), and flexural strength (5.20 MPa) after seven days.
While the porosity of the identical specimens decreased by up to 15.77%, the UPV, compres-
sive strength and flexural strength increased by 3.37 km/s, 15.32 MPa, and 6.06 MPa, respec-
tively, after 365 days. The physical and mechanical improvement in the first 90 days exceeded
90-365 days. A higher rate of improvement was obtained when the activator ratio was low, i.e.,
the improvement decreased inversely as the sodium silicate content of the mortar increased.
An increasing trend was observed in the plot of compressive strength as a function of UPV,
and the slope values presented a strongly related linear function relation.

Cite this article as: Barig, K. E., & Tanagan, L. (2024). Research on the long-term strength
development of Dat¢a Pozzolan-based geopolymer. ] Sustain Const Mater Technol, 9(1), 11-24.

However, the possibilities of using this material in the
building industry should be further investigated toward a

The cement industry is responsible for 5-7% of CO,
emissions, and the global demand for OPC by 2030 is pro-
jected to increase by 216% [1]. In Tiirkiye, the housing
sector consumes 32% of the total energy, and 8.,7% of the
total CO, emissions originate from cement production [2].
Therefore, the search for low-embodied CO, materials is es-
sential for Tiirkiye. Geopolymers can reduce CO, emissions
compared with cement production [3]. The geopolymeric
reactivity of Datca Pozzolan was investigated in the liter-
ature, and the results revealed that it could be used as an
aluminosilicate source to produce geopolymer mortars [4].

*Corresponding author.
*E-mail address: kubra.ekizbaris@kocaeli.edu.tr

carbon-neutral building stock commitment.

The evolution of the geopolymer structure into a
semi-crystalline amorphous material and the consequent
strength properties of the final product is affected by the
curing conditions (curing temperature, duration, humid-
ity), mixture components (precursor and activator type),
and mixture design parameters (water/solid ratio, molar
ratios of Si/Al, Al/Na, and H,0/Na,O). Proper curing con-
ditions prevent high porosity and permeability and, there-
fore, improve the strength gain of the material. Regardless
of the type and dosage of alkali activators, curing below or

Published by Yildiz Technical University Press, Istanbul, Tiirkiye
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at room temperature (7-20 °C) is not convenient for geo-
polymers because the beginning of the setting is delayed,
and the chemical reaction rate is prolonged [5-9]. Mineral
phases in natural pozzolan dissolved in the first three days.
The dissolved phases remained 7 and 14 days after the reac-
tion, and the geopolymer matrix continued progressing. At
28 days, the morphology of dense plates, which is related to
the polycondensation reaction, produced an interconnect-
ed structure, and it was predicted that it would improve over
time due to the progress of the geopolymerization reaction
[10]. For example, brick powder-based geopolymer cured
at 28 and 90 days yielded strengths of 5.3 and 18.7 MPa,
respectively [11]. The strength of the red mud and rice husk
ash-based geopolymer became almost constant in 35 days
(11.7 MPa), and the geopolymer could only gain strength
after a certain curing period [12]. Haruna et al. [13] cured
high calcium-fly ash-based one-part alkali-activated bind-
ers at 25 °C for 365 days. The maximum strength was found
after 90 days, and the strength improvement at 180 and 365
days was negligible compared with that at 90 days. The in-
crease in strength beyond 28 days was explained by the for-
mation of fly ash reactions at later ages, which resulted in
more calcium alumina silicate hydrate gel production.
Although curing at elevated temperatures is an ener-
gy-intensive process, it is particularly crucial in low-calcium
aluminosilicate precursors to initiate geopolymerization re-
actions and enhance the mechanical properties of the final
cured products [14]. Elevated temperature curing could over-
come the obstacle to further reaction along with improved
dissolution of reactive species [5]. An increase in the curing
temperature up to 90 °C favors the dissolution of reactive spe-
cies [15], substantially improves cross-linking in an amor-
phous structure [14], and increases the compressive strength
of the product [6, 16]. According to Naghizadeh et al. [17],
the strength development and durability performance of fly
ash-based geopolymer concrete (Na,0O/FA>0.09-0.10) cured
at 60 °C for 24 h were higher than those of the specimens
cured under ambient conditions for 28 days. Another study
determined that heat curing at 60 °C for a more extended
curing period was beneficial for strength development [18].
According to Bing-hui et al. [19], who investigated the ef-
fects of curing temperature (within the range of 20 to 100
°C) on the properties of metakaolin-based geopolymers, el-
evating the curing temperature increases the activity of hy-
droxide ions and the dissolution rate of amorphous alumi-
nosilicates; increases polycondensation, polymerization, and
reprecipitation processes due to the dehydration of water in
the early stage of the geopolymerization reaction; and finally,
accelerates the hardening process and improves the physical
properties of the geopolymer. However, a curing tempera-
ture higher than the appropriate one may negatively affect
the properties. For example, Yilmaz et al. [20] determined
that curing low-calcium fly ash-based geopolymer mortars
above 60 °C for 24, 48, and 72 h decreased the strength of the
material. In another study investigated by Yang et al. [21],
the mechanical properties of the steel slag-based geopoly-
mer mortar decreased above 60 °C because of the increased
shrinkage cracks of the material. Curing temperatures above

the optimum one caused rapid setting and restrained the
transformation into a compact and tough structure due to
the following reactions: The viscosity of the slurry increased
rapidly at the initial polycondensation stage. Dissolved ions
of aluminate precursors react quickly and increase the set-
ting speed; therefore, the time between the initial and final
setting is extremely short. With the rapid coagulation of the
slurry, undissolved aluminosilicate particles are covered with
this gel, and further dissolution of amorphous phases and
solid-state transformation into dense structures is restrained
[19]. Zeolite-like crystalline products are formed at higher
temperatures (up to 200 °C) [22].

When metakaolin-based geopolymers are cured at tem-
peratures lower than 50 °C, the dissolution and formation
of hydroxy species are not complete and insufficient to
form the oligomers, leading to lower compressive strength
results [23]. However, when pre-cured at 75 °C for three
hours, it exhibited improved mechanical properties without
diminishing in the long-term curing up to 28 days. Howev-
er, mixtures of metakaolin and slag cured at the same tem-
perature produced microstructural defects through volume
expansion [24]. Aygormez et al. [25] cured colemanite and
metakaolin-based geopolymer mortar at 60 °C for 72 h and
allowed it to cure under ambient conditions for 365 days.
The strength results were lower at day 365 than at day 14,
and it was explained that curing at 60 °C for 72 h positively
affected the strength in the early period. However, rapidly
developing reaction products adversely affect the material's
long-term microstructure and strength properties.

Numerous studies have been conducted on the humid-
ity conditions during the curing of geopolymers. Both nat-
ural and artificial-based geopolymers, cured in an oven
(RH<10%) at 70-90 °C, showed visible cracks on the surface
of the specimens caused by a substantial loss of moisture and
drying shrinkage [10-13, 16, 24-27]. Likewise, the compres-
sive strength of Datga pozzolan-based geopolymer binder was
9.36 MPa after curing at 90 °C under sealed conditions; how-
ever, its strength decreased to 5.60 MPa without sealed condi-
tions at the same curing temperature [4]. Therefore, geopoly-
merization reactions require moisture during the first curing
stage to produce a stronger crack-free product [16]. Bondar
et al. [28] achieved higher early strength by curing alkali-ac-
tivated Taftan pozzolan at 60 °C. However, by curing at 40 °C
under sealed conditions, higher strength could be obtained
in the long term (365 days). In addition, the tests conducted
at 28, 90, and 120 days showed a good correlation between
ultrasound pulse velocity (UPV) and compressive strength,
suggesting that pulse velocity techniques could be successful-
ly used for the estimation of geopolymer strength made with
alkali-activated natural pozzolans. Indeed, non-destructive
ultrasonic wave technology allows continuous monitoring of
a material’s reaction process. By the propagation speed of the
ultrasound pulse in a material, early-age reaction processes
and microstructure development, improvement in rheologi-
cal properties, setting (due to initial gel formation), harden-
ing and strength development (due to the gradual progression
of polymerization/crystallization), and durability properties
have been successfully measured [28-32].
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Table 1. Chemical analysis of natural Dat¢a Pozzolan

$i0, ALO, Fe0O, CaO MgO PO, KO NaO TiO, MnO, Cr0, NiO
Wt% 75.29 15.99 0.98 1.22 0.62 0.07 3.02 2.21 0.14 0.04 0.005 0.004
CuO  ZnO Rb S0 Y0, ZtO, NbO.,  BaO cl 50, LOI  Total
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Figure 1. XRD analysis of natural Dat¢a Pozzolan.

If the results are analyzed critically, the strength of the
geopolymers cured under ambient conditions continues to
increase for up to 90 days. On the other hand, in the geopoly-
mers pre-cured at higher temperatures. However, the early
strength increases because of the effect of the temperature. It
may decrease in the long term depending on the source pre-
cursor. Strength development largely depends on the alumi-
nosilicate precursor and alkali activator type, alkali concen-
tration, activator ratio, curing type, temperature, and curing
period. The novelty of this manuscript is that it investigates
the development of the properties of natural pozzolan-based
geopolymers over the long term by considering the effects of
various alkali concentrations and activator ratios. Therefore,
the effort to achieve the desired target strength must be de-
termined experimentally for each mixture design. Thus, the
objectives of this study are as follows: 1) to investigate the
influence of long-term curing on the physical and mechani-
cal properties of heat-cured Datga pozzolan-based geopoly-
mers; 2) to determine the effect of alkali concentration and
activator ratio on the long-term microstructural evolution of
the geopolymer by evaluating the relationship between UPV
and physical and mechanical properties, and 3) to predict
the geopolymer strength from UPV.

2. MATERIALS AND METHODS

Natural pozzolan [33], extracted from the Dat¢a Pen-
insula in Tiirkiye, was used as an aluminosilicate source to
produce geopolymer mortar. It was dried at 55 °C for 24
h and pulverized until a particle size of 95% less than 90
pm was obtained. It has a significantly high specific surface
area (5467 cm?/g) and a specific gravity of 2.52 g/cm’. The
chemical characterization results obtained using an X-ray
fluorescence spectrometer (XRF) are presented in Table 1.

As can be seen, the most abundant oxides are pozzolan-
ic oxides (SiO, and AL O,), followed by K,O and Na,O. It can
be accepted as a low-calcium pozzolan (1.22% CaO <5%) and
classified as a dacitic pozzolan (63-77% SiO,) because of its
75.2% SiO, content [1]. The mineralogical composition (X-ray
diffraction, XRD) analysis indicated that the pozzolan con-
sisted mainly of anorthite, quartz, feldspar, microcline, and a
compound with an amorphous structure, as shown in Figure 1.

Liquid sodium silicate (Na,SiO,) with a 3.24 modulus
(SiO,/Na,0) and technical-grade potassium hydroxide
(KOH) were used for alkaline activation. KOH solutions
with 7.5, 10, and 12.5 molarities (M) were prepared by dis-
solving KOH pellets in distilled water and allowing them to
cool before being added to the mixture.

Since this study is based on the previous research of the
authors [4], the mixing ratios and initial curing conditions
of the first seven days applied in the last study were taken as
the basis. The sodium silicate (SS)-to-KOH ratios, termed
“activator ratio,” were 1.0, 1.5, 2.0, and 2.5. The total alka-
line activator-to-binder ratio was kept constant at 0.30 by
weight. Standard quartz sand was used with a maximum
grain size of 2.0 mm in conformity with TS EN 196-1 [34].
The dry pozzolan/sand ratio was 1/3, and the mortar flow
was maintained at 60.

The slurry was cast into prismatic molds with dimen-
sions of 40x40x160 mm. The following curing method
was applied: (i) first, curing at 20 °C and 95+5% RH for
24 h, and curing at 90 °C and 95+5% RH for 24 h; (ii) after
demolding the specimens, curing at 20 °C and 55+5% RH
until testing at 7, 90, and 365 days.

The specimens were coded in [XM-X-X] format: “XM”
represents the molarity (M) of KOH, the second group in-
dicates the activator ratio and the third group indicates the
curing duration. To ensure reproducibility, three specimens
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were prepared for each test; only the compressive strength
test was applied to six specimens. The specimens were test-
ed for unit weight (A) and specific gravity according to
TS EN 1015-10 [35], water absorption under atmospher-
ic pressure (Sa) according to TS EN 13755 [36], dynamic
ultrasound velocity (UPV)/Young’s modulus of elasticity
(MoE) according to TS EN 14579 [37], and flexural (R,) and
compressive (R ) strengths according to TS EN 196-1 [34].

3. RESULTS AND DISCUSSION

3.1. Effect of Heat Curing on the Properties of Mortars

All test results are given in Table 2, and the physical test
results of the specimens cured for seven days are shown in
Figure 2.

The porosity (P) and water absorption ratio (S ) of the
material decreased gradually, depending on the increase in
the molarities from 7.5, 10 to 12.5 M, as well as the rise in ac-
tivator ratios varying from 1, 1.5, 2 to 2.5 after seven days of
curing. In parallel with these changes, unit weights gradually
increased. According to the short error bars, no significant
variations were observed in almost all physical properties.
In the mortar series of 12.5 M, the water absorption ratio
reduced at the fastest rate (0.86 times) on average. The water
absorption ratio gives the pore volume ratio of the material
to be larger than 0.1 microns that water could penetrate.

On the other hand, open porosity (S,) is the ratio of
open and interconnected pores that water can fill. If (P),
(S,), and (S,) were analyzed concerning the effect of alka-
li molarity and activator ratios on pore structure, it could
be determined that the micro and gel void ratios (<0.1 p)
of the (7.5M-1.0-7) and (12.5M-2.5-7) mortars increased
from 2% to 20%, respectively, 13 times. An increase in the
alkali molarity and alkali activator ratio promoted the for-
mation of a more stable geopolymer gel with lower porosity
[38]. However, the pore structure and morphology of the
mortars should be further analyzed using mercury intru-
sion porosimetry (MIP) and scanning electron microscopy
equipped with energy-dispersive X-ray spectroscopy (SEM-
EDX). The saturation coefficient (SC) denotes the quality of
the material in terms of frost resistance and is recommend-
ed to be lower than 80% for porous ceramics. All samples
produced in this study, even after 365 days, indicated that a
frost-resistant material was produced, as shown in Table 2.

The mortars produced in this study were microstructur-
ally monitored using the UPV method. In this method, the
ultrasonic pulse is coupled into the material from a trans-
ducer and undergoes multiple reflections at the boundaries
of the different material phases within the material. A com-
plex system of stress waves is developed that includes both
longitudinal and shear waves propagating through the ma-
terial. The pulse velocity (V) (in km/s or m/s) is given by:

v=I/t 1)

Where (1) is the path length and (t) is the pulse's time to
transverse that length. The pulse velocity (V) of longitudi-
nal stress waves in a material is related to its elastic proper-
ties and unit weight according to the following relationship:

E=10xV’xA/g (2)
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Figure 2. Comparison of the physical properties of mortars
with different molarities (7.5, 10, and 12.5) and activator
ratios (1, 1.5, 2, and 2.5) after seven days.
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Figure 3. Comparison of the mechanical properties of mor-
tars with different molarities (7.5, 10, and 12.5) and activa-
tor ratios (1, 1.5, 2, and 2.5) after seven days.

Where (E,) is the dynamic modulus of elasticity (MoE),
(V) is the pulse velocity, (A) is the unit weight of the ma-
terial, and (g) is the gravitational acceleration (g:9.81m/s).

UPV values were measured on average at 2.64, 2. at 85,
and 2.89 km/s, in parallel with the increase in molarity (7.5,
10, and 12.5 M) and activator ratio, UPV increased by 1.1
times on average, respectively. This indicates that the geopoly-
mer evolved toward a more homogeneous structure without
cracks or gaps that will reduce the ultrasound velocity by
absorption or dispersion. The dynamic modulus of elasticity
(MOoE) of the material increased in parallel with (UPV) and
unit weight (Table 2). MoE values increased by an average of
1.23 times as the molarity of the mortars increased and by an
average of 1.20 times as the activator ratio increased.

Moreover, as the molarity concentration increased, the
effectiveness of the activator ratio on all properties decreased.
The elasticity modulus of cement-lime mortars (binder/sand
ratio: 1:3) varies between 40% lime: 23 MPa and 80% lime:
11 MPa, depending on the lime content in the mortar. In this
study, very close MoE values between 12.8 and 19.9 MPa
were obtained in mortars in 7 days with the effect of heat
cure at 90 °C [39]. With the same sand content, the MoE
of cement mortars is given as 37.5 MPa. MoE is a measure
of the stiffness of a material; in this sense, after seven days,
more elastic mortars were produced than cement mortars.
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Table 2. Test results of the specimens

Specimen Unit  Porosity = Open Water Saturation Ultrasound Modulusof Compressive  Flexural
codes of weight (P) porosity absorption coefficient pulse elasticity strength strength
the series (A) %) (S, (%) ) (SC) (%)  velocity (MoE) R) (R,)
(8,*A) (%) (S,/P) (UPV) (GPa) (MPa) (MPa)
(km/s)
7.5M-1.0-7 2.00 23.18 15.22 7.61 66 2.51 12.84 4.32 2.35
7.5M-1.5-7 2.01 22.90 14.90 7.43 65 2.60 13.81 4.60 2.55
7.5M-2.0-7 2.01 22.50 14.69 7.31 65 2.68 14.71 5.41 2.73
7.5M-2.5-7 2.01 22.25 14.47 7.19 65 2.77 15.74 6.16 3.00
7.5M-1.0-90 2.02 21.40 14.13 7.00 62 2.71 15.12 6.30 3.02
7.5M-1.5-90 2.02 21.12 14.10 6.71 63 2.80 16.18 6.63 3.22
7.5M-2.0-90 2.03 19.91 13.81 6.48 62 2.89 17.30 7.66 3.39
7.5M-2.5-90 2.03 19.36 13.50 6.22 62 3.01 18.82 8.35 3.70
7.5M-1.0-365 2.02 20.90 12.89 6.59 60 2.75 15.78 7.21 3.11
7.5M-1.5-365 2.03 20.14 12.35 6.23 58 2.83 16.82 7.56 3.31
7.5M-2.0-365 2.03 19.27 11.69 6.00 55 2.92 17.95 8.53 3.52
7.5M-2.5-365 2.03 18.67 11.14 5.86 53 3.06 19.81 9.10 3.77
10M-1.0-7 2.02 22.62 14.14 7.01 66 2.73 15.31 4.82 321
10M-1.5-7 2,03 22.30 13.59 6.98 64 2.84 16.61 5.10 3.47
10M-2.0-7 2.03 22.17 13.17 6.82 66 2.90 17.36 5.74 3.65
10M-2.5-7 2.04 21.84 12.68 6.66 65 2.96 18.10 6.59 4.03
10M-1.0-90 2.03 20.47 12.24 6.03 60 2.97 18.25 7.03 391
10M-1.5-90 2.04 20.08 11.99 5.89 60 3.05 19.30 7.41 4.07
10M-2.0-90 2.04 19.23 11.67 5.71 61 3.10 20.01 8.02 4.32
10M-2.5-90 2.05 18.91 11,39 5.56 60 3.20 21.38 8.76 4.60
10M-1.0-365 2.04 19.82 11.02 5.75 57 3.00 18.85 7.90 3.97
10M-1.5-365 2.04 19.01 10.77 5.63 58 3.09 20.07 8.25 4.15
10M-2.0-365 2.05 18.28 9.92 5.49 56 3.15 20.96 8.78 4.44
10M-2.5-365 2.06 17.31 9.31 5.34 56 3.28 22.83 9.50 4.79
12.5M-1.0-7 2.05 21.47 13.49 6.38 65 2.88 17.08 6.07 4.35
12.5M-1.5-7 2.06 21.29 12.83 6.10 64 2.93 17.72 6.25 4.56
12.5M-2.0-7 2.07 21.10 12.39 5.76 64 3.00 18.62 7.90 4.77
12.5M-2.5-7 2.08 20.90 12.16 5.48 65 3.10 19.92 10.57 5.20
12.5M-1.0-90 2.06 19.50 11.82 5.41 60 3.12 20.21 9.25 5.20
12.5M-1.5-90 2.06 18.47 11.61 5.28 61 3.16 20.77 9.71 5.38
12.5M-2.0-90 2.07 17.62 11.38 4.84 62 3.25 22.07 11.35 5.57
12.5M-2.5-90 2.08 16.50 11.12 4.53 64 3.31 22.95 14.57 5.88
12.5M-1.0-365  2.06 18.90 10.40 5.05 55 3.21 21.64 10.13 5.38
12.5M-1.5-365 2.07 18.02 9.52 4.61 53 3.25 22.23 10.55 5.56
12.5M-2.0-365  2.08 16.93 9.17 4.42 54 3.32 23.31 12.00 5.75

12.5M-2.5-365  2.09 15.77 8.53 4.09 54 3.37 24.13 15.32 6.06
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The rising trend observed in the material's mechanical
strength after seven days of curing was parallel to its phys-
ical properties (Fig. 3). The shorter error bars in Figure 3
indicate less uncertainty in the test results. According to the
7-day compressive strength (R ) results, an increase in (R )
was determined depending on the rise in both molarities
(7.5, 10, 12.5) and activator ratio (1.0, 1.5, 2.0, 2.5). On the
7-day, the (R) of 12.5 M was 1.50 and 1.38 times higher
than R ) values of 7.5 and 10 M, respectively. Therefore, the

12.5 M concentration resulted in mechanical properties
at seven days. This improvement, which was detected by
increasing the molarity of the activator, may be explained
by the fact that higher concentrations of alkali hydroxides
enhance the dissolution of Dat¢a pozzolan as an aluminos-
ilicate source. The higher amount of dissolved Si and Al in
the reaction zone favors the development of a continuous
polycondensation reaction [40] with a three-dimensional
structure (NASH gel).
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Figure 7. Ultrasound pulse velocities (UPV) of the mortar series (7.5, 10, and 12.5 M) as functions of unit weight (A).
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Figure 8. Ultrasound pulse velocities (UPV) of the mortar series (7.5, 10, and 12.5 M) as functions of porosity (P).

The increase in compressive strength (R ) due to the high-
er activator ratio (SS/K), mainly when the activator ratio is 2
and 2.5, indicates a higher sodium silicate (SS) content in the
mixture and can be explained as follows: (i) SS enhances the
dissolution rate of Si and Al in the aluminosilicate source;
(ii) Alions dissolve quickly in the alkali medium because the
Al-O bonds of the aluminosilicate source are weaker than
the Si-O bonds. As a result, more Si ions in the reaction me-
dium may increase the degree of geopolymerization [41].
In addition, more SS in the mixture also leads to stronger
ion-pair formation, which leads to more long-chain silicate
oligomers. The longer-chain silicate oligomers mean the
NASH gel is more easily formed [42]. Furthermore, a geo-
polymer binder with a more homogeneous structure with
high silica availability was obtained in the early stages [38].
Thus, a higher activator ratio of the geopolymer mixture is
important to support the development of geopolymerization
reactions on day 7. As a result, heat curing at 90 °C benefited
the strength development by improving the physical proper-
ties of the mortars after seven days.

3.2. Effect of Curing Duration on the Properties of

Mortars

The geopolymer mortars' relative physical and mechan-
ical properties with 7.5, 10, and 12.5 molarities and activa-
tor ratios of 1, 1.5, 2, and 2.5 as functions of curing duration
are shown in Figures 4-6.

Effect of Curing Duration on the Activator Ratio: As
the curing time progressed, the improvement in the phys-
ical and mechanical properties of the mortars with low-
er activator ratios was greater in all mortars with 7.5, 10,
and 12.5 M concentrations. Because the properties of the
mortar with a high activator ratio already reached their
highest value at the end of the 7-day cure, the increase in
the long term slowed down. That is, the densification and
continuous formation of the geopolymer matrix increased
as the activator ratio decreased. While this improvement
was more effective in the first 90 days, it lost its efficien-
cy between 90 and 365 days. Despite the relatively low rate
of improvement in the physical properties at all activator
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Figure 9. Flexural strengths (R,) of the mortar series (7.5, 10, and 12.5 M) as functions of (UPV).
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Figure 10. Compressive strengths (R ) of the mortar series (7.5, 10, and 12.5 M) functions of (UPV).

ratios, a significant increase in the compressive strengths
was observed. This increased rate, again, which was higher
at lower activator ratios, took lower values in parallel with
the increase in activator ratios. The strength of a materi-
al is closely related to its fine-grained microstructure and
low porosity. The inverse relationship between the porosity,
UPYV, water absorption, and the strengths of all mortars was
obtained accordingly.

Although the time-dependent increase rate in the 12.5 M
and 2.5 activator ratio specimen, which gave the highest me-
chanical properties in 7-day curing, was at the lowest level, its
mechanical properties at 90 and 365 days were still the high-
est. In other words, the increased efficiency in the first seven
days in the development of geopolymerization reactions also
positively reflected the results obtained in the later period.

Effect of Curing Duration on Alkali Concentration:
The changes detected in the properties of the geopolymer
mortars revealed that the material transformed into a more
compact microstructure and improved structurally over

time. However, the improvement rate in mortar properties
was negligible between 90 and 365 days, compared with 7 to
90 days. These findings are incompatible with the research re-
sults of colemanite and metakaolin-based geopolymer mor-
tar, which claim that rapidly developing reaction products by
pre-curing at 60 °C for 72 h have a negative influence on the
long-term microstructure and strength properties of the ma-
terial [25]. This emphasizes that the aluminosilicate source,
alkaline reactants, and their ratios play a role in developing
the internal structure of geopolymers and the curing effect.
As expected from the decrease in porosity, the UPV val-
ues of 7.5, 10, and 12.5 M geopolymer mortars on the 365
days increased by an average of 1.09, 1.10, and 1.10 times
compared with those obtained on day 7. While the average
UPYV values obtained in 7 days were 2.64, 2.86, and 2.98
km/s, respectively, these values increased to an average of
2.89, 3.13, and 3.29 km/s in 365 days. UPV values of less
than three km/s indicate that the strength is very low due
to excess voids [43]. UPV values within the scope of this



J Sustain Const Mater Technol, Vol. 9, Issue. 1, pp. 11-24, March 2024 19

Table 3. Comparison of calculated and experimental results of compressive strengths (R )

Specimen R cale. R exp. Diff. Specimen R calc. R exp. Diff. Specimen R cale. R exp. Diff.
code (MPa) (MPa) (%) code (MPa) (MPa) (%) code (MPa) (MPa) (%)
7.5M-1.0-7 4.22 4.32 2.34 10M-1.0-7 4.57 4.82 5.55 12.5M-1.0-7 5.63 6.07 7.88
7.5M-1.5-7 5.04 4.60 8.80 10M-1.5-7 5.60 5.10 8.90 12.5M-1.5-7 6.47 6.25 3.40
7.5M-2.0-7 5.78 5.41 6.32 10M-2.0-7 6.16 5.74 6.83 12.5M-2.0-7 7.65 7.90 3.27
7.5M-2.5-7 6.60 6.16 6.64 10M-2.5-7 6.72 6.59 1.99 12.5M-2.5-7 9.34 10.57 13.22
7.5M-1.0-90 6.05 6.30 4.14 10M-1.0-90 6.82 7.03 3.12 12.5M-1.0-90 9.67 9.25 4.37
7.5M-1.5-90 6.87 6.63 3.52 10M-1.5-90 7.57 7.41 2.09 12.5M-1.5-90 10.35 9.71 6.16
7.5M-2.0-90 7.69 7.66 0.45 10M-2.0-90 8.04 8.02 0.21 12.5M-2.0-90 11.87 11.35 4.34
7.5M-2.5-90 8.79 8.35 5.02 10M-2.5-90 8.98 8.76 2.40 12.5M-2.5-90 12.88 14.57  13.15
7.5M-1.0-365 6.42 7.21 12.3 10M-1.0-365 7.10 7.90 112 12.5M-1.0-365 11.19 10.13 9.48
7.5M-1.5-365 7.15 7.56 5.79 10M-1.5-365 7.94 8.25 3.86 12.5M-1.5-365 11.87 10.55 11.08
7.5M-2.0-365 7.97 8.53 7.04 10M-2.0-365 8.51 8.78 322 12.5M-2.0-365 13.05 12.00 8.01
7.5M-2.5-365 9.25 9.10 1.60 10M-2.5-365 9.73 9.50 2.32 12.5M-2.5-365 13.89 15.32 10.31
Mean 6.82 6.82 Mean 7.31 7.33 Mean 10.32 10.31
Standard Standard Standard

deviation (s) 1.47 1.53 deviation (s) 1.45 1.50 deviation (s) 2.66 2.84
Coeflicient of Coeflicient of Coeflicient of

variation (CV)  21.55 22.43 variation (CV)  19.83 20.46 variation (CV)  25.77 27.54

study were determined to be in the range of 2.85-3.21 km/s
even after 90 days of curing. The increase in UPV, MoE, and
strength of the samples depending on the curing time may
indicate the formation of a three-dimensional amorphous
aluminosilicate structure (NASH gel) that fills the voids
and bridges the unreacted pozzolan particles [13]. Howev-
er, different morphologies were also detected, where a clear
distinction was observed between the gel and unreacted
particles, unlike the spherical shape of fly ash, which might
cause the structure to become denser or more porous [9].
90% of the compressive strength could be obtained in
one day in low-calcium FA-based geopolymers cured at
80-90 °C; however, when the same samples were cured
under ambient conditions for a long time, the strength
increased, similar to that of OPC cement. Therefore, long-
term strength could be achieved under all curing condi-
tions, and increasing the curing temperature only acceler-
ates the change over time [44]. However, in our study, the
compressive strength obtained in 365 days increased 1.56
times on average for all mortar series of 7.5, 10, and 12.5
M compared with the compressive strength obtained in the
first seven days. Therefore, in the same mortars, with the
triggering effect of curing at 90 °C (RH: 95%) for 24 h, the
strengths obtained in the first seven days constituted only
64% on average of the strengths in 365 days. With the effect
of the elapsed curing time, the highest strength develop-
ment was obtained at the highest molar concentration ratio.
It is indicated for brittle materials that the flexural
strength is often approximately 0.10 of the compressive
strength [45]. The R/R ratios of 7.5, 10, and 12.5 M mor-
tars were 0.51, 0.66, and 0.64 on average in 7 days, respec-

tively, and decreased to an average of 0.42, 0.51, and 0.48 in
365 days, respectively. Over time, this decrease in the ratio
indicates that the curing duration has a greater effect on the
compressive strength and that the geopolymer has evolved
into a more fragile structure. However, mortars still exhibit
elastic behavior.

3.3. Effects of Alkali Concentration and Activator

Ratio on the Long-Term Microstructural Evolution of

Geopolymers

The non-destructive and continuous character of the in-
vestigations with ultrasound pulse velocity (UPV) makes it
possible to take continuous measurements of the hydration
kinetics, to indicate variations in the mix composition due
to the mix formulation, and to assess the strength develop-
ment of materials [46]. On the other hand, the compressive
strength of a material is the most essential mechanical prop-
erty and notably influences other properties, including den-
sity, porosity, flexural strength, and modulus of elasticity.
However, the UPV technique cannot determine the strength
of cementitious systems made of different materials consist-
ing of various ingredients and proportions [47]. Therefore,
to estimate the strengths of geopolymers from ultrasound
velocity, the effects of alkali concentrations and activator
ratios on long-term microstructural evolution were inter-
preted by correlating UPV with other macro properties such
as porosity, unit weight, compressive strength, and flexural
strength. The analysis was performed based on 7 and 365
days, as seven days represent the effect of heat curing on the
geopolymerization of the mortar series, while 365 days rep-
resent the effect of the entire curing time.
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Effect of Unit Weight and Porosity on the UPV: Ultra-
sound pulse velocities (UPV) of all mortar series, based on
their different molarities (7.5, 10, and 12.5 M) as functions
of unit weight (A) after 7, 90, and 365 days of curing, are
depicted in Figure 7.

According to the (UPV) development observed after
seven days of curing, as the molarities and activator ratios
of the mortar series of 7.5, 10, and 12.5 M increased, (UPV)
s increased as functions of unit weight (A). The slopes of the
regression lines of each mortar series show how the changes
influence the (UPV)s of the series in their (A)s. According-
ly, the mortar series of 7.5 M was the most affected, followed
by the 10 and 12.5 M mortar series. The slopes of the regres-
sion lines reduced slowly toward higher molarities on the
order of 7.5 M (m:19), 10 M (m.:12), and 12.5 M (m_:8).

Parallel to the increase in the activator ratio from 1 to
2.5, all properties, including (UPV) gradually improved.
Initial heat curing accelerates hydroxide ions' activity and
the amorphous aluminosilicates’ dissolution rate. However,
the initial release of Al is faster than that of Si, and the dis-
solved ions of aluminate precursors react with any silicate
initially provided by the activating solution, leading to the
formation of aluminosilicate gel phases. Therefore, sodium
silicate solutions as activators have better mechanical prop-
erties than alkali hydroxide alone. However, as the molar
concentrations gradually increased toward 10 and 12.5 M,
the efficiency of the SS may decrease progressively. At low
molar concentrations, the quantity of the alkali solution is
the lowest, and the Si ions provided by SS become more effi-
cient in the mixture. This might be why a higher rate of im-
provement was obtained in the long term when the activator
ratio was low; that is, the improvement decreased inversely
as the sodium silicate content of the mortar increased.

The same trend was also detected in the long-term cur-
ing results. The slopes of the mortar series of 7.5 and 10 M
were almost the same (m,:15), indicating similar (UPV)
development as functions of (A) in time. On the other hand,
the mortar series of 12.5 M had the lowest slope (12.5M
m, ) in 365 days, indicating that their (UPV)s were least
influenced by (A)s over time. Increasing the activator ratio
from 1 to 2.5 increased the UPV at all molarities, but the
most significant increase was in the 7.5 M series, which was
1.22-fold. Towards 10 and 12.5 M, the improvement rate
decreased by 1.20 and 1.17 times, respectively. However, the
unit weight increase at each molarity was only 1.02 times.

The rate of improvement in the (UPV)s of the mortar series
of 7.5 M became 0.79 times slower at the longer curing dura-
tion of 365 days than that of the values obtained at seven days
(m_:19>m, :15). On the other hand, both slopes of the mortar
series of 10 M and 12.5 M increased 1.20 (m_:12<m,:14.5)
and 1.35 times (m,:7.9<m,_:10.6) respectively. Hence, in the
long term, better structural improvements were detected for
the mortar series of 10 and 12.5 M than in seven days. How-
ever, the (A) improvement was only in the 2.02-2.09 g range/
cm’, which can be considered negligible.

Although the regression lines of the mortar series of 7.5
and 10 M had strong correlation coeflicients (R>0.90) be-
tween (UPV)s and (A)s at both 7 and 365 days, the mortar

series of 12.5 M only had a strong correlation (R%0.93) at
seven days; at later days of curing duration, the correlation
coeflicient between these properties dropped by 0.62 times
(R%0.58) in 365 days. This significant decrease in the correla-
tion coefficient may be because the 7-day UPV values of the
12.5 M series remain much lower than the 90 and 365-day
values. For example, at the same unit weight value (2.06 g/
cm?®), UPV values were obtained as 2.93 km/s in 7 days, 3.16
km/s in 90 days, and 3.21 km/h in 365 days. In other words,
while the 90-day increase rate was 1.08 times the 7-day value,
the increase rate between 90 and 365 days was lower, 1.01
times. Figure 8 shows the (UPV) values of all mortar series
based on their different molarities (7.5, 10, and 12.5 M) as
functions of porosity (P) after 7, 90, and 365 days.

There is an inverse relationship between these two
properties, as expected. As the (P)s of the mortar series
increased, the (UPV) values decreased in the descending
order of 12.5, 10, and 7.5 M. The increment of activator ra-
tios from 1 to 2.5 also positively influenced the reduction
of P values. Again, in the 7.5 M mortars, the rate rose in
porosity, and the rate rose in UPV was the highest. After
seven days of curing, even the negative slopes of the regres-
sion lines for each mortar series were almost the same (m._:-
0.3) and strongly correlated with an average of R*=0.97. The
same inverse trend was observed for long-term curing. The
slopes of all mortar series were almost the same (m,_.:-0.08),
indicating similar (UPV) development as functions of (P)
over time. The regression lines of each molarity also define
the existence of a strong correlation (7.5M,,, and 10M,,:
R?=0.89 and 12.5 M, _: R>=0.91) between the two properties.

The negative slopes of the regression lines of the (UPV)
s of all mortar series as functions of (P) at seven days
dropped by 0.27 times (m_:-0.3> m__:-0.08) on average in
the long-term curing of 365 days. Although the decrease
in the porosity of the mortars changed the UPV to a lower
level, mortars continued to develop their geopolymeriza-
tion at a slower rate. Densification of solid phases increased
the ultrasound pulse velocity of the material; however, since
the reaction rate declined gradually, the UPV increased at a
slower rate in the long term.

Effect of UPV on the Mechanical Properties: The flex-
ural strengths (R) of all mortar series, based on their differ-
ent molarities (7.5, 10, and 12.5 M) as functions of (UPV)
after 7, 90, and 365 days of curing, are depicted in Figure 9.

As the molarities and activator ratios of the mortar series
increased, (R)) increased as a function of (UPV). The slopes
of the regression lines of all mortar series were almost iden-
tical and in strong correlation (7.5 M: m_:2.4, R*=0.99; 10 M:
m_:3.4,R*=0.93;12.5 M m_:3.7, R*=0.99) after seven days. The
same trend was also detected in long-term curing. The slopes
of the regression lines obtained for the 7.5 M (m,_,:2.7), 10 M
(m,.:2.9),and 12.5 M (m_,:3.3) mortar series were also close
to each other with a strong correlation after 365 days (7.5M:
R%0.97, 10M: R% 0.98 and 12.5M: R%: 0.99).

Compared with the change in UPV, the increase in
flexural strength (R)) at a lower rate than the compressive
strength (R ) may indicate that the material has turned into
a more brittle structure.
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The compressive strengths (R ) of all mortar series (7.5, 10,
and 12.5 M) as functions of (UPV) after 7, 90, and 365 days of
curing are depicted in Figure 10. The compressive strength is
a good indicator of the degree of geopolymerization.

According to the (R ) development after seven days, as the
molarities and activator ratios of the mortars increased, (R )s
increased as functions of (UPV) for each of the mortar series
of 7.5, 10, and 12.5 M. The slopes of the regression lines for
the mortar series of 7.5 M and 10 M were almost identical
(7.5M and 10M: m.:7.4) but lower than the slope of the mor-
tar series of 12.5 M (12.5M: m_:21.4); the higher slope indi-
cates a higher rate of initial strength development as a func-
tion of UPV. The same trend was observed in the long term.
The slopes of the regression lines of the mortar series of 7.5 M
and 10 M were compatible (7.5 M and 10 M: m_ . 9), indicat-
ing the existence of a similar solid-state development in (R ).
In addition, the magnitude of the correlation coeflicients was
relatively high (7.5 M36: R*: 0.92 and 10 M, _.: R* 0.94).

On the other hand, the mortar series of 12.5 M had the
highest slope and the lowest (correlation coefficient 12.5
M: m,: 16.8, R* 0.87) in the long term. The reason for
this decrease was the sudden increase in the compressive
strength of the sample coded (12.5 M-2.5) in 90 and 365
days. However, despite this decrease, it is still 0.87, and the
relationship between the two variables is generally consid-
ered strong when the “R*” value is larger than 0.7.

At the same speed as ultrasound, the 7.5 M series with the
lowest molar concentration is higher than 10 M. At the end of
the 365 days, the compressive strengths of 7.5 M and 10 M be-
come almost equal, while 7.5 M remains more porous. In geo-
polymers, higher strength can be achieved with a more porous
structure. Similarly, a study comparing natural pozzolan-based
geopolymer and OPC concrete observed that the UPV values
of both materials increased as the curing time increased. Still,
the UPV of geopolymer mortars remained lower at the same or
higher compressive strengths than concrete [28]. On the other
hand, the 12.5 M series maintains its already high compressive
strength and relatively tight pore structure in 365 days.

At 365 days, the correlation coefficients between UPV
and other properties decreased slightly, except for the slight
increase observed for the UPV-R_and UPV-R relationship
of the 10 M series. This may imply that the geopolymeriza-
tion of the mortars occurred very quickly because of the
curing effect at 90 °C, and a sufficiently dense structure
was formed after seven days. The fact that this process took
place in a closed environment and the subsequent curing at
ambient temperature for a relatively short period may have
improved the correlation between the mortar properties.
The last stage of the reaction process, solid-state transfor-
mation, involves the continual arrangement of the gel to-
ward three-dimensional geopolymer networks and requires
long-term termination. It might have been affected by slight
ambient humidity and temperature changes, causing the re-
lationship between properties to change relatively.

The regression lines of the mortar series at 7.5 M (m_: 7.3
andm,:9.1)and 10 M (m.: 7.4 and m,_.: 9.3) have almost the
same slopes at both curing times. The slope of the regression
line of 12.5 M drops by 0.79 times at their 365-day curing
time (m,: 21.4 and m,_: 16.8). This indicates the occurrence

of a lower rate of geopolymerization reaction at curing times
longer than seven days for the 12.5 M mortars. It may be
concluded from the similar trends of the regression lines at
both curing durations (at seven 365 days-day) of each mortar
series of 7.5, 10, and 12.5 M that there is a mechanical and
physical improvement with time. This may show that the ma-
terial's compressive strength (R ) could be estimated through
its (UPV) for the mortars under consideration in this study.
When all mortar types at 365 days are considered, the
linear correlation between compressive strength (R) and
(UPV) (R = f(v)) can be expressed by the following equation:
R=axV+b (3)
“a” gives the slope (m) of the regression lines, which
change to 9.14 (for 7.5 M), 9.38 (for 10 M), and 16.86 (for
12.5). “b” is 18.7, 21.04, and 42.93 for 7.5, 10, and 12.5 M
mortars, respectively, as expressed by the following formulas:

7.5M/R=9.14xV - 18.72 (4)
10M/R =9.38 x V - 21.04 (5)
12.5M/R =16.86 x V - 42.93 (6)

There is an inverse V (UPV) - porosity (P) relationship
with a high level of correlation in all mortar series (m,:-
0.08, R?=0.90); hence, not only the mechanical properties
but also the pore structures improve.

By considering Equations 4, 5, and 6 given above as rep-
resentative of the compressive strength (R )-(V) relationship
of the mortar series of 7.5, 10, and 12.5 molarities, the exper-
imental values of V (UPV) of all the specimens, as shown in
Table 2, were used to estimate the compressive strength. The
estimated strength values were compared with the measured
experimental values (Table 3). The standard deviation (s) and
coefficient of variation (CV) values for 7.5, 10, and 12.5 M se-
ries were found to be (1.47-21.55), (1.45-19.83), and (2.66-
25.77) respectively. (CV) of the 10 M, which is 19.83%, indi-
cates that the “fitting” is most satisfactory. According to the
compressive strength (R ) values calculated for each mortar
type, there is an approximately two-fold increment in 365 days
compared to 7 days: 7.5M=2.19, 10M=2.13, and 12.5M=2.46.

Suppose the (UPV) of 3 km/s, accepted as the quality
limit in concrete, is also taken as a limit value for the geo-
polymer mortars produced in this study. The geopolymer
mortars with different molarities and activator ratios can be
selected based on their expected performance. According-
ly, the range of physical and mechanical properties above
three km/s (UPV) may be given as follows:

o Unit weight (A) ranges from 2.03-2.09 g/cm’
« Porosity (P) varies between 15.77 and 21.10% (9.01-

25.84% for geopolymers)

+ Open porosity (S,) varies between 8.53 and 13.50%
« Water absorption (S ) varies between 4.09 and 6.22%

(8-18% for bricks)

o The saturation coeflicient (SC) varies between 53 and

62% (<80%)

o Ultrasound pulse velocity (UPV) varies between 3.00
and 3.37 km/s
o The modulus of elasticity (MoE) varies between 18.1 and

24.13 GPa (11-23 GPa for cement-lime mortars (1:3)

+ Compressive strength (R) varies between 7.41 and

15.32 MPa (=10 MPa for hydraulic cement)

o Flexural strength (R) varies between 3.70 and 6.06 MPa

(1.5-3.5 MPa for concrete) [48].
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Geopolymer concrete has a high environmental im-
pact on categories other than global warming due to the
heavy effect of the production of sodium silicate solution
[49]. Hence, selecting mortar types with lower molarities
and activator ratios produced within the scope of the study
that fulfill the required performance is possible because of
the positive effect of curing duration on the properties of
geopolymer mortars proven in this study.

4. CONCLUSION

In line with the results obtained throughout the study,
the following remarks can be made:

o The Earth of Datca, as a natural pozzolan precursor,
has promising characteristics for use as a geopolymer
mortar and should be encouraged for practical use as a
green building material.

 The initial heat curing regime (24 h at 90 °C) is appro-
priate for the natural pozzolan-based geopolymer con-
sidered in this study because it facilitates the early-age
reaction process without restricting the transformation
to a compact microstructure in the long term. More-
over, it provides some advantages for practical purpos-
es, such as shortening of demoulding time and early
development of strength.

« The initial heat-curing regime had a positive effect on
strength development in the early period as well as in
the long term. The microstructure and strength prop-
erties of the geopolymer continued to progress for up
to 365 days. There was an almost twofold improvement
after 365 days. The improvement rate between 90 and
365 days was negligible compared with the 7-90 days.

o The rate of increase in the physical and mechanical
properties was higher when the activator ratio was low
(1.0 and 1.5). In other words, the rate of improvement in
the properties decreased inversely with increasing sodi-
um silicate content of the mortar.

o Geopolymer mortars with 12.5 M and 2.5 activator ra-
tios had the highest mechanical properties after 7 and
365 days. However, because of the heavy environmental
impact of sodium silicate solution production, selecting
geopolymer mortars with lower molarities and activator
ratios became possible when considering the positive
influence of curing duration on the microstructure of
the geopolymers, as proven in this research.

e An increasing trend was observed in the plot of com-
pressive strengths as functions of UPV parallel with the
increase in the alkali content of the geopolymer, and the
slope values presented a strongly related linear function
relation. Finally, the outcomes of this study provide a
possible method to assess the strength of natural poz-
zolan-based geopolymers from ultrasound pulse veloci-
ty measurements.

 In this study, the variations in the solid-state transfor-
mation of the mortars were monitored by ultrasound
and evaluated along with the physical and mechanical
properties. However, further research is recommended
using advanced measurement techniques to examine
mortars' morphology and microstructure development.
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1. INTRODUCTION

ABSTRACT

This study investigated the influence of mineral admixtures (fly ash, silica fume, metakaolin)
and curing conditions (water immersion, polyethylene glycol, gunny bags, accelerated curing)
on the properties of self-compacting concrete (SCC). The rheological properties, compressive
strength, chloride penetration resistance, and microstructure were evaluated. Incorporating
mineral admixtures improved the workability, strength (up to 53% increase), and durability of
SCC compared to plain mixes, with 20% metakaolin replacement optimal. Water immersion
curing enhanced the compressive strength (3-15% increase) and chloride resistance (up to 30%
decrease in migration coeflicient) owing to improved hydration and microstructural refine-
ment. Mineral admixtures reduced the sensitivity of SCC to the curing method. Microstructur-
al analysis showed higher density and additional C-S-H phases with mineral admixtures under
wet curing. The study demonstrates that optimized SCC containing appropriate supplementary
cementitious materials and proper external curing can achieve high performance.

Cite this article as: Venkatesh, C., Rao. M. V. S., Kumar, M. P, & Sonali Sri Durga, C. (2024).
Effect of mineral admixtures and curing regimes on properties of self-compacting concrete.
J Sustain Const Mater Technol, 9(1), 25-35.

The unique properties of SCC are achieved by careful
mix design optimization to obtain the necessary rheological

Self-compacting concrete (SCC) represents a significant
advancement in concrete technology that has revolution-
ized the construction industry over the past two decades.
SCC is characterized by its ability to flow and compact un-
der its weight without requiring external vibration, even in
densely reinforced structural elements [1, 2]. Compared to
conventional vibrated concrete, SCC offers several benefits,
such as faster construction, reduced noise and labor, excel-
lent surface finishes, and improved durability [3]. Elimi-
nating vibration also enables the fabrication of complex ar-
chitectural forms and intricate structural shapes that were
previously not feasible [4].
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performance in the fresh state. This involves using chemi-
cal admixtures like superplasticizers coupled with pro-
portioning powders, aggregates, water, and air content to
achieve adequate flowability, passing ability, and resistance
to segregation [5, 6]. However, SCC has some challenges,
too. The high powder content needed to achieve robust
self-compacting characteristics increases material costs.
The reduction in coarse aggregate content also tends to low-
er the modulus of elasticity and creep resistance compared
to traditional concrete [7]. Concerns about inadequate con-
solidation in highly congested members must be addressed
through proper mix design and quality control [8].
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A popular approach to addressing the challenges of SCC
has been the incorporation of mineral admixtures as partial
replacements for cement. Materials like fly ash, silica fume,
ground granulated blast furnace slag, metakaolin, and rice
husk ash, among others, have been investigated as cemen-
titious components of SCC [9-11]. Compared to single or
binary binder systems, ternary and quaternary blends uti-
lizing mineral admixtures have shown improved rheology
and stability owing to their particle size distribution bene-
fits while enhancing technical properties like strength and
durability due to their pozzolanic reactivity [12, 13].

Fly ash has been one of the most commonly studied
mineral admixtures for SCC due to its spherical shape, satis-
factory size, and pozzolanic nature [14]. Replacement levels
of 15-35% have shown good performance, with flowability,
segregation resistance, and compressive strength improved
compared to plain Portland cement mixes [15]. Silica fume
has been utilized at 5-10% dosages to enhance particle
packing density, cohesiveness, and later-age strength de-
velopment in SCC. However, higher additions can impair
workability [16]. Ground granulated blast furnace slag has
demonstrated the ability to maintain good rheology at re-
placement levels up to 50-60% while enhancing strength
and durability via its latent hydraulic behavior [17].

Metakaolin has emerged as an increasingly popular poz-
zolanic additive for high-performance and architectural con-
cretes. Its ultrafine particle size, high purity, and pozzolanic
reactivity make it attractive as a SCC ingredient. Metakaolin
has been shown to improve the stability, strength, and trans-
port properties of SCC at replacement levels of 10-20% [18,
19]. Multi-blend SCC incorporating fly ash, slag, limestone,
and metakaolin has also offered advantages over single or bi-
nary systems [20]. Rice husk ash, an agro-industrial byprod-
uct, has demonstrated promising results as a supplementary
cementing material in SCC, along with metakaolin and other
mineral admixtures [21]. While significant research exists on
the influence of different mineral admixtures on various SCC
properties, there is further scope to optimize multi-blends to
develop high-performance self-compacting concrete [22].

In addition to suitable materials selection through op-
timal mix design, proper curing is essential to achieve the
performance potential of any concrete. Curing impacts the
cement hydration reactions and governs the microstructural
development, which controls the long-term properties related
to strength and durability [23]. While SCC has shown supe-
rior performance when properly cured by water immersion,
the need for practical and efficient curing that can be applied
in field conditions has led to growing interest in alternative
curing techniques. Accelerated curing using steam or heat
can provide an early strength boost but may lead to delayed
effects over time [24]. Membrane curing blocks moisture loss
with limited effectiveness based on the barrier material [25].
Self-curing strategies using saturated lightweight aggregates,
superabsorbent polymers, and chemical additives provide in-
ternal water reservoirs to sustain hydration [26].

Recent studies have investigated the influence of vari-
ous external and internal curing techniques on the proper-
ties of conventional concrete and SCC [27-29]. Water im-

Table 1. Physical properties of aggregates

Specific % of water Fineness  Bulk
gravity absorption modulus density
Fine aggregates 2.69 1.10 2.56 1.46
Coarse aggregates ~ 2.72 0.75 7.25 1.51
Table 2. Physical properties of SCMs
Properties Cement Fly Silica Metakaolin
ash  fume
Specific gravity 310 241 220 2.55
Specific surface area (m*kg) 700 900 20000 11000
Color Grey Grey Lightgrey  White
Average particle size (um) 50 45 1 5

mersion is the optimal method, while polyethylene glycol
showed promise as a self-curing agent for SCC [30]. How-
ever, limited studies compare different curing regimes for
multi-blended SCC containing various mineral admixtures.
There is also a need to correlate the curing effectiveness with
the resultant microstructure of SCC using advanced charac-
terization techniques. Therefore, this study aims to address
some of the research gaps and make novel contributions by
Systematically optimizing the design of high-performance
self-compacting concrete utilizing multi-blends of fly ash,
silica fume, and metakaolin as partial cement replacements
and evaluating the influence of different practically relevant
curing regimes, namely water immersion, membrane cur-
ing, accelerated curing, and self-curing on properties of the
optimized SCC mixes and comparing the effectiveness of
the various internal and external curing techniques based
on the compressive strength as well as critical durability pa-
rameters like chloride migration coefficient and correlating
the mechanical and durability performance to the resultant
hydration and microstructure of SCC using sophisticated
SEM-EDX analysis. The research outcomes are expected to
guide the optimal selection of supplementary cementing
materials and curing methods to develop durable and sus-
tainable self-compacting concrete for advanced structural
applications. The study will also generate predictive models
relating curing conditions to SCC properties that can be ap-
plied for performance-based design and quality assurance.

2. MATERIALS AND METHODS

2.1. Materials

The study utilized ordinary Portland cement (OPC) of
grade 53 as per ASTM C150 [31]. The physical and chem-
ical properties confirm the codal provisions. IS used fine
and coarse aggregates 383 — 2016 [32], and their physical
properties are enlisted in Table 1. Figure 1 represents the
size distribution of coarse and fine aggregates. The fly ash
was obtained from local coal-based thermal industries,
with a specific gravity of 2.41 and an average particle size of
45 pm, as shown in Table 2.
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Figure 1. Aggregates size distribution.
Table 3. Chemical composition of binders (weight %)
Materials CaO Sio, AlLO, Fe,O, Na,O MgO K,0 TiO, Others
Cement 65.29 20.93 4.73 3.95 0.29 1.43 0.36 - 3.02
Fly ash 0.80 61 30.3 3.93 0.25 0.4 0.91 1.95 0.46
Silica fume 0.36 92 0.46 1.6 0.7 0.74 0.9 - 3.24
Metakaolin 0.1 52.1 36.1 4.3 - 0.84 1.38 - 5.18
Table 4. Physical properties of ROOF PLAST SP-455
Name of the chemical admixture Appearance Relative density (g/cm?) pH Compatible
ROOF PLAST SP-455 Brown colour 1.02-1.05 <6 For all sorts of cement
Table 5. Physical properties PEG-400
Name of the self-curing agent Molecular weight Appearance Moisture pH Specific gravity
PEG-400 400 Clear Fluid 0.2% 6 1.2

Similarly, silica fume and metakaolin were procured
from the local markets. Their specific gravities are 2.20 and
2.55, with average particle sizes of 1 um and 5 pm, respec-
tively. Table 3 shows the chemical composition of the bind-
er (or mineral admixtures). The ROOFPLAST SP-455 was
used as a water reducer in this study, and its properties are
illustrated in Table 4. Polyethylene glycol-400 was used as a
self-curing agent at a proportional level of 1% to the weight
of the binder. Its specifications are listed in Table 5.

2.2. Mix Proportions

In the present study, 40MPa strength concrete was used
for all the experiments, and its mix calculations were finalized
according to the IS 10262-2019 [33], as shown in Table 6.

2.3. Rheological Studies
In the present study, all the rheological properties
(namely, Flow test, V-Funnel, and L-Box) were evaluated

according to the European Federation of National Associ-
ations Representing Concrete (EFNARC) guidelines [34].

2.3.1. L-box Test

Figure 2a represents the L-box; it is used to assess the
passing ability of self-compacting concrete through tight
openings like spaces between reinforcing bars. A vertical
section and a horizontal area with a movable gate in be-
tween. Fill the vertical section and open the gate to let the
concrete flow into the flat section. Measure the height of the
concrete at the end of the flat section. Calculate the passing
ability ratio as the height of concrete in the flat section di-
vided by the height in the vertical section. A ratio of 0.8-1.0
indicates good passing ability.

2.3.2. V-funnel Test
Figure 2b depicts the V-funnel; it measures self-com-
pacting concrete's flowability and filling ability. A V-shaped
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Table 6. Mix proportions (Kg/m?)

Mix no Mix designation OPC FA SF MK Fine Coarse SP Water w/b
aggregate aggregate (lit) (lit)
M1 C100 531 - - - 891 786 9.34 185 0.35
M2 C60+FA40 319 212 - - 891 786 9.34 185 0.35
M3 C85+MS15 452 - 79 - 891 786 9.34 185 0.35
M4 C80+MK20 425 - - 106 891 786 9.34 185 0.35
M5 C35+MK15+FA50 186 265 - 73 891 786 9.34 185 0.35
(@) 100 All units in mm
Rebars 3 x 212 mm
/Gap 35 mm
600 |
800
P ©
o pt
300 mm
k &
425 mm P
200 mm
«
i ,/"”1000 mm
150 mm
/
/N
’ 500 mm /
g 1000 mm ¥

Figure 2. (a) L-box. (b) V-funnel. (c) Slume cone and flow.

funnel with the bottom gate closed. Fill the funnel with
concrete and open the gate. Measure the time the concrete
takes to ultimately flow out of the funnel. Typical values are
6-12 seconds. Lower times indicate greater flowability.

2.3.3. T50 Slump Flow Test

Used to assess the horizontal free flow and filling ability
of self-compacting concrete. Concrete is poured into a cone
placed on a flat surface and lifted vertically. Measure the
time the concrete takes to reach a diameter of 50 cm. Typi-
cal T50 times are 2-5 seconds. Lower times indicate better
flowability. Figure 2c shows the slump cone.

2.3.4. Slump Flow Test

It has the same test procedure as the T50 slump flow.
Instead of measuring T50 time, the final diameter of the
concrete circle is measured. Diameters of 650-800mm in-
dicate good flowability. Figure 2c represents the slump flow.

2.4. Curing Conditions

2.4.1. Water Immersion Curing

By ASTM C192-15 [35], water immersion curing involves
fully submerging the hardened concrete component. This tech-
nique is commonly employed in laboratories for curing concrete
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Figure 3. (a) Water immersion curing. (b) Self-curing with PEG-400. (¢) Gunny bag membrane curing. (d) Accelerated

curing.

specimens. It fulfills all curing requirements, including promot-
ing hydration, reducing shrinkage, and dissipating heat during
hydration. Water immersion curing is depicted in Figure 3a.

2.4.2. Accelerated Curing

Concrete is provided an early boost in compressive strength
using the accelerated curing method. This study subjected the con-
crete mixes to accelerated curing conditions by ASTM C684-99
[36]. Under these conditions, the concrete will achieve full matu-
rity within 28 hours. Figure 3b illustrates the experimental setup.

2.4.3. Membrane Curing

According to IRC-015 [37], gunny bag membrane cur-
ing was performed in the present study, and its experimen-
tal photograph is shown in Figure 3c.

2.4.4. Self-curing

In the present study, Polyethylene glycol-400 was em-
ployed as a self-curing agent in the self-compacting con-
crete, following the method outlined by Madduru et al.
[38]. Experimental images are shown in Figure 3d.
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Table 7. Rheological properties of different SCC mixes

Tests EFNARC limits M1 M2 M3 M4 M5
Flow test
Slump (mm) 650-800 732 705 712 719 695
T-50 (Sec) 2-5 3.45 4.26 4.05 4.07 4.95
V-funnel 6-12 6.85 9.28 7.56 8.08 10.8
L-box 0.8-1 0.98 0.92 0.95 0.94 0.90

2.5. Compressive Strength

The value of uniaxial compressive stress achieved when
a material completely fails is referred to as the material's
compressive strength. Cube specimens measuring 150 mm
x 150 mm x 150 mm were employed in this study and ex-
amined following IS 516: 1959 [39]. 60 cubic samples were
prepared and cured under the above-selected curing con-
ditions for up to 28 days.

2.6. Durability Properties

2.6.1. Rapid Chloride Permeability Test

They were used to measure the electrical conductance of
concrete to provide a rapid indication of its resistance to the
penetration of chloride ions. A 100 mm diameter, 50 mm thick
concrete specimen is vacuum saturated and sealed between
two cells containing calcium hydroxide solution. A 60V DC
voltage is applied across the cell for 6 hours. The amount of
electrical current passed through the specimen over this peri-
od is used to evaluate the resistance of concrete to chloride ion
penetration. Charge passed is based on the current flow and
time, according to the ASTM C1202 [40]. A lower coulomb
value indicates higher resistance to chloride ion penetration.

2.6.2. Rapid Chloride Migration Test

They were used to determine the resistance of concrete
to chloride ion penetration. A 50mm thick slice of 100mm
diameter core is vacuum saturated. One face is exposed
to a 2.8M NaCl solution. The other face to a 0.3M NaOH
solution. A 30V DC voltage is applied for 24 hours. After
testing, the specimen is split and sprayed with silver nitrate
to measure chloride penetration depth, according to NT
BUILD 492 [41]. The non-steady state migration coefficient
is then calculated using the applied voltage, temperature,
penetration depth, and test duration. A lower migration co-
efficient indicates higher resistance to chloride ion ingress.

2.7. Microstructural Properties

In the present study, the concrete sample's surface mor-
phology and elemental composition were assessed using
“Scanning Electron Microscope (SEM) and Energy Dis-
persive X-ray Spectroscopy analyses (EDX) [42-52]” The
microstructure and elemental composition of the samples
were analyzed using an SEM (Model: VEGA 3 Genera-
tion, TESCAN, Brno, Czech Republic) equipped with EDX
spectroscopy (Model: EDAX-EDS-SSD, EDAX Inc., USA).
Small pieces of the samples were mounted on aluminum
stubs using carbon tape. A thin layer of gold was coated on

the illustrations by sputter coating for 120 seconds at 10 mA
(Model: 108 auto sputter coater, TED PELLA, INC.) to en-
hance the conductivity.

The surface morphology of gold-coated samples was ex-
amined under the SEM at an accelerating voltage of 10 kV
and a working distance of 10-20 mm. Micrographs were tak-
en at various magnifications ranging from 2.00kx to 5.00kx.
For EDX analysis, the SEM was coupled with an EDX spec-
trometer. EDX spectra were collected at three spots on each
sample to determine the elemental composition.

3. RESULTS AND DISCUSSION

3.1. Rheological Properties

The rheological properties of the various self-compact-
ing concrete (SCC) mixes are presented in Table 7. All the
mixes satisfied the EFNARC limits for slump flow, T50
slump flow, V-funnel, and L-box tests, indicating adequate
flowability, filling, and passing ability. Mix M1 with 100%
cement had the highest slump flow of 732 mm, while Mix
M5 with 20% metakaolin replacement had the lowest slump
of 695 mm. The reduced slump in M5 can be attributed to
the higher water demand and increased viscosity caused by
metakaolin’s fine particle size and high pozzolanic reactivity.

3.2. Compressive Strength

The compressive strength results under different cur-
ing conditions are shown in Figure 4. The 28-day strengths
ranged from 42.12 MPa for M1 under accelerated curing to
53.73 MPa for M5 under water immersion curing. All mixes
showed increased strength with prolonged curing duration,
as expected. Among the curing methods, water immersion
consistently resulted in the highest compressive strengths,
followed by polyethylene glycol, accelerated curing, and gun-
ny bag curing. Water immersion provided a saturated envi-
ronment that promoted better hydration and microstructural
development than the other techniques. The strength gain
under self-curing using polyethylene glycol was slightly low-
er, potentially due to some moisture loss over time. Acceler-
ated steam curing generated higher early strength, but longer
normal curing was needed to achieve later-age strengths sim-
ilar to water immersion. Gunny bag curing was the least ef-
fective likely because it allowed greater moisture evaporation.

The relative compressive strength under different cur-
ing conditions compared to water immersion curing;
Self-curing with polyethylene glycol achieved 92-96% of
the strength under water curing. Accelerated curing re-
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Figure 4. Compressive strength of concrete cured in vari-
ous curing conditions.

Table 8. Chloride ions permeability and migration coefficient values

Figure 5. Relation between the compressive strength of
WIC Vs other curing conditions.

Mixes Chloride ion migration coefficient (x107'* m?/s)
WIC GBC AC 1 PEG-400
Coefficient Standard Coefficient Standard Coefficient Standard Coefficient Standard
values deviation values deviation values deviation values deviation
M1 7.23 0.0436 9.2 0.2646 10.17 0.0300 8.45 0.0400
M2 4.86 0.0346 7.15 0.0300 7.66 0.0458 6.23 0.0265
M3 4.02 0.0608 5.13 0.0265 5.95 0.0265 4.27 0.0265
M4 3.42 0.0265 4.38 0.0200 5.5 0.0173 3.41 0.0173
M5 5.31 0.0200 6.89 0.0985 7.57 0.0300 5.87 0.0300

sulted in 87-93%, while gunny bag curing gave the lowest
strengths of 78-85% of water-cured samples. This rein-
forces water immersion as the optimal curing technique.
Among the mixes, the metakaolin blend M5 showed the
smallest differences between curing methods, suggesting it
was less sensitive to external curing. Its high reactivity and
pozzolanic nature meant sufficient internal curing occurred
through ongoing hydration reactions.

Figure 5 represents the relationship between the com-
pressive strength during water immersion curing and other
selected curing conditions. Through observation, a good
correlation was found between the experimental results
and the predicted values from the following equations: Eq.

1-Eq. 3.
i. Relation between WIC and GBC is as follows
CS(WIC):O-4381CS(GBC)1-1852 -
ii. The relation between the WIC and AC is given below
CS(WIQ:2.443CS(AC)0-7323 qu

iii. The relation between the WIC and 1 PEG-400 is giv-
en below
CS, ., =1.5459CS

(WIC)

0.8527
(1 PEG-400)

Eq.3
3.3. Durability Studies

3.3.1. Rapid Chloride Migration Coefficient

The chloride ion migration coeflicients in Table 8 indi-
cate the resistance of the SCC mixes to chloride penetration.
A lower migration coefficient represents lower permeabili-
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Figure 6. Rapid chloride permeability results.

ty. Incorporating mineral admixtures reduced the permea-
bility notably compared to plain cement mix M1, with the
metakaolin blend M5 showing the best performance. The
excellent chloride resistance with supplementary cemen-
titious materials can be attributed to pore refinement and
reduced porosity from the pozzolanic reactions. Among
curing techniques, water immersion curing again led to the
lowest permeability, followed by polyethylene glycol, accel-
erated, and gunny bag curing. The denser microstructure
with improved hydration under wet curing restricted chlo-
ride ingress. The permeability trends matched the compres-
sive strength trends, suggesting the microstructural chang-
es influencing strength also governed transport properties.
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3.3.2. Rapid Chloride Permeability Test ry under gunny bag curing, while metakaolin blends M5

The rapid chloride permeability classification results in  achieved the 'Very Low' classification under water curing due
Figure 6 further demonstrate the reduced chloride penetra-  to its low migration coefficient. The results indicate appro-
bility with mineral admixtures and adequate external curing.  priate mix design and adequate external curing are essential
Mix M1 had the highest permeability in the 'High' catego-  to limiting chloride transport and achieving durable SCC.
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Table 9. Elemental composition of optimum mixes

Mix designation Ml1@WIC M4@ WIC

M4@ 1% PEG-400 M4@ GBC M4@ AC

Ca/Si 1.75 1.25

1.22 1.34 1.38

3.4. Scanning Electronic Microscope Analysis

The microstructure of selected optimized SCC mix-
es under different curing conditions was examined using
scanning electron microscopy (SEM). The SEM images in
Figure 7 show the morphology and hydration phases. In the
plain cement mix, M1 cured by water immersion (Fig. 7a),
abundant hydration products in the form of calcium silicate
hydrate (C-S-H) gel and Ca(OH), crystals can be observed
filling voids and spaces between particles. The mix contain-
ing fly ash, silica fume, and metakaolin (M4) cured by water
immersion (Fig. 7b) displays a denser microstructure with
fewer voids owing to enhanced pozzolanic reactions and
the filler effects of the mineral admixtures.

M4 cured with 1% polyethylene glycol (Fig. 7c) exhibits a
reasonably dense structure, but some microcracks are visible,
likely due to restrained shrinkage and moisture loss. In con-
trast, due to insufficient hydration and carbonation, the sample
cured with gunny bags (Fig. 7d) shows a more porous structure
with channels and cavities. M4 cured using accelerated tech-
niques (Fig. 7e) displays some heterogeneity in the microstruc-
ture with regions of discontinuous hydration products.

The Ca/Si ratios in Table 9 indicate the C-S-H com-
position and hydration extent. The plain cement mix M1
had the highest Ca/Si ratio of 1.75 underwater curing due
to Ca(OH), and C-S-H formation. The blended mix M4
showed lower Ca/Si ratios between 1.22-1.38 owing to the
pozzolanic consumption of Ca(OH), and additional C-S-H
from the reactions between silicates and the cement. Among
curing regimes for M4, water immersion resulted in the
lowest ratio of 1.25, suggesting the greatest hydration. The
microstructural evidence correlates well with the improved
mechanical and durability performance observed for the
optimized metakaolin SCC blend under water curing.

4, CONCLUSION

This study demonstrated that incorporating fly ash, sili-
ca fume, and metakaolin as partial cement replacements in
self-compacting concrete (SCC) improved rheological prop-
erties like flowability, passing ability, and filling ability. Me-
takaolin resulted in slightly higher viscosity and lower slump
flow than other mixes, likely due to its finer particles and
high reactivity requiring more water. However, all designed
mixes satisfied EFNARC guidelines for SCC workability.

The compressive strength and chloride penetration re-
sistance of SCC were enhanced by using mineral admix-
tures as cement replacements compared to plain cement
mixes. Metakaolin at 20% replacement showed the best
performance, increasing 28-day strength by up to 53% and
reducing the chloride migration coefficient by up to 40%
compared to the control. This is attributed to metakaolin's
high pozzolanic reactivity, leading to refined pores and en-
hanced formation of secondary C-S-H.

Water immersion curing was the most effective method
for curing SCC, improving 28-day compressive strength by
3-15% and reducing the chloride migration coefficient by
up to 30% compared to other curing techniques. Wet curing
provides an optimal hydration environment, allowing poz-
zolanic reactions to progress and increasing densification.

Mineral admixtures reduced the sensitivity of SCC to
external curing conditions due to their ability to promote
internal curing through ongoing pozzolanic reactions. Me-
takaolin SCC showed the least property variations between
curing regimes due to its high reactivity.

Microstructural analysis revealed that mineral admix-
tures improved the interfacial transition zone in SCC by in-
creasing particle packing density and enabling pozzolanic
products like additional C-S-H to fill voids. Water curing
produced the most refined pore structure with continuous
hydration products.
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Using recycled aggregates is crucial for a more sustainable environment and economy. In this
study, the properties of recycled aggregate-based SIFCONs were examined. In the scope of the
study, compressive strength, high-temperature resistance, sorptivity, and fracture energy of
SIFCON' s produced with recycled aggregate were investigated. The results were compared with
those of the limestone-bearing SIFCONES. It was determined that the compressive strength and
fracture energy of SIFCONs produced with recycled aggregate were 61.2 MPa and 14.9 N/mm,
respectively. Although these values are lower than those of SIFCONSs produced with limestone,
it has been determined that recycled aggregates are advantageous in high-temperature resis-
tance. The results demonstrated that the recycled aggregate could be used to produce SIFCON.
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1. INTRODUCTION

Conventional concrete is a brittle building material and
performs poorly under tensile stresses [1]. It is known that
with the addition of fiber, some concrete properties like flex-
ural and tensile strength [2], post-cracking behavior [3], first
cracking strength, and impact resistance [4] improve. Steel
fibers are widely used to reduce the brittleness of concrete
and increase tensile strength and toughness. The amount of
fiber is crucial in this regard [5]. However, fibers decrease
the workability of concrete, and this reduction can also neg-
atively affect mechanical and durability properties [6]. Thus,
the amount of fiber used in producing fiber-reinforced and
high-performance fiber-reinforced concrete is generally lim-
ited to around 1-3% by volume [7]. The limitation of fiber
content in traditional fiber-reinforced concrete has led to a
focus on new alternative composite materials with high fiber
dosage [8]. Slurry infiltrated fiber concrete (SIFCON) is a
type of high-volume fiber-bearing concrete produced with a
special production method different from conventional con-
crete [9]. In SIFCON production, the fibers are first placed in

*Corresponding author.
*E-mail address: adilgultekin@duzce.edu.tr

the mold, then the phase prepared with cement, water, fine
aggregate, and chemical and mineral additives (defined as
slurry) is poured into the mold. In this way, the volume of
fiber used in SIFCON increases by up to 30% [10]. SIFCON
composites have superior properties like very high toughness
and compressive and tensile strength [11]. The properties of
the matrix phase and the fiber properties, like type, volume,
and alignment, are critical for the mechanical properties of
SIFCONS [12]. The highest fiber dosage that can be used in
production depends on the length and diameter of the fiber,
the fiber orientation, the dimensions of the mold, and the
vibration [13]. SIFCON composites can be used in different
application fields, such as strengthening, industrial floors
[9], pavements [14], military complexes, and underground
shelters [15] due to their advantages.

Today, sustainable constructions have significant im-
portance on the concept of sustainability. Civil engineers
also have essential duties and responsibilities in achieving
sustainability goals [16]. For this reason, researchers have
started investigating the recycling of different materials,
the use of alternative materials to cement, and the use of
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recycled materials in the production of building materi-
als. Similar studies are carried out in SIFCON production.
Al-Hadithi and Al-Hadithi [17] examined the usability of
waste plastic fibers in SIFCON production. Celikten and
Canbaz [18] and Drdlova et al. [19] investigated the prop-
erties of SIFCON composites produced using waste steel
fibers obtained from waste automobile tires. Canbaz and
Celikten [20] explored the effect of crumbed waste automo-
bile tire rubbers on the properties of SIFCON composites.
Tiwari et al. [21] examined the impact of replacing cement
with waste glass powder on SIFCON properties. Khan and
Selvaraju [22] investigated the effect of substituting vari-
ous pozzolans with cement and replacing steel fibers with
waste high-density polyethylene and waste plastic fibers on
SIFCON properties. Altunci and Ocal [23] investigated the
properties of SIFCON composites produced by using pea-
nut shell ash partial replacement with cement.

The increase in the demand for construction causes an
increase in the need for cement and aggregate. Recycling
the construction and demolition wastes and using these re-
cycled aggregates is essential for sustainability and reducing
the demand for natural aggregates [24]. Also, most of the
waste concrete obtained from the construction and demo-
lition process is landfilled in open fields in nature, and this
waste is one of the reasons for environmental pollution.
Therefore, it is essential to obtain recycled aggregates from
these wastes and use them as raw materials to produce new
concrete [25]. However, recycled aggregates' properties dif-
fer from natural aggregates due to the mortar adhered to the
aggregate of the old concrete. The transition zone between
this mortar and aggregate significantly impacts recycled
aggregate properties such as porosity and water absorption
capacity [26]. Numerous studies have been conducted on
concrete produced with only recycled aggregate or partially
replacing recycled aggregate with traditional aggregate. It
is mentioned that, in general, recycled aggregate negative-
ly affects the concrete's strength and some of its durability
properties [27]. The extent of the adverse effects of recy-
cled aggregate on concrete properties depends on different
factors like water/cement ratio, replacement ratio, and the
quality of recycled aggregate [28]. The porosity and homo-
geneity determine the quality of recycled aggregate [29]. As
recycled aggregate substitution increases, concrete prop-
erties such as workability, density, and strength decrease;
meanwhile, the risk of bleeding and drying shrinkage in-
creases [30]. Although studies show that utilization of
20-30% recycled aggregate can produce concrete of similar
grade to conventional concrete, such low amounts cannot
ensure the disposal of waste concrete [28].

Due to negative properties arising from the nature of re-
cycled aggregate, early studies on recycled aggregate gener-
ally focused on non-structural concrete production. As the
number of studies on recycled aggregate increases, different
techniques like carbonation, exposure to different solutions,
and coating with different materials have been examined
to improve the properties of recycled aggregate. However,
these improvements require an additional process before
using [31]. Various factors, such as undesirable materials

Table 1. Chemical composition and some properties of cement

Compound % (by weight) Mechanical properties

CaO 63.06 Compressive strength

Sio, 18.53 7 days 38.4 MPa

ALO, 5.21 28 days 47.2 MPa

Fe,0, 3.65

MgO 1.01 Physical properties

Na,O 0.48 Specific gravity 3.11

K,0 0.64 Initial setting time 210
minutes

SO, 3.20 Final setting time 315
minutes

Free CaO 0.91 Blaine's specific 3420

surface area cm?/g
Loss on ignition 2.94

Table 2. Chemical composition and some physical properties of
kaolin and recycled aggregate

Compound Kaolin Recycled aggregate
% (<0.125 mm)
(by weight) % (by weight)
CaO 0.38 34.46
Sio, 73.15 29.17
ALO, 16.55 425
Fe O, 0.69 1.97
MgO 0.31 2.06
Na,0 0.10 4.81
K,0 0.24 <0.10
Loss on ignition 6.90 21.08
Specific gravity 2.60 2.15

such as brick, wood, and plastic, inadequate standards, and
quality control, raise concerns about using recycled aggre-
gate [32]. Research continues for the characterization and
more efficient use of recycled aggregate [33]. Countries like
Belgium, Denmark, and Germany have developed different
standards and acceptance criteria for recycled aggregates. It
is possible to use these aggregates as fine or coarse aggre-
gates in concrete [34].

There are many studies on recycled aggregate utilization
in building materials production. Most of these studies used
recycled aggregate as fine and coarse aggregate. However, the
recycled aggregate has the potential to be used in the produc-
tion of SIFCON slurry, and there is a lack of literature on this
topic. This study investigated the usability of recycled aggre-
gate powder produced from recycled aggregate in SIFCON
production. This way, the usability of recycled aggregate
powder generated in the facility during recycled aggregate
production will also be examined. It was aimed to determine
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Figure 1. Preparation of RA powder.

whether reducing the particle size would enable both old
concrete aggregate and old mortar to be used more effective-
ly. The results were compared with the SIFCON composite
produced using natural limestone powder. In the scope of
the study, fracture energy, compressive strength, sorptivity,
and high-temperature resistance tests were carried out.

2. MATERIALS AND METHODS

2.1. Materials

Hooked-end steel fiber 30 mm in length, 0.75 mm in
diameter, and 1160 MPa in tensile strength, CEM I 42.5 R
type Portland cement, crushed limestone aggregate (LA),
and recycled aggregate (RA) were used to produce the spec-
imens. The water absorption capacity of LA and RA were
1.1% and 10.4%, and the specific gravity of aggregates were
2.60 and 2.15, respectively. The water absorption of the RA
was considerably higher than that of LA due to the adhered
cement mortar.

Kaolin clay was utilized to adjust the viscosity of the slur-
ry. Tables 1 and 2 show the chemical composition and some
physical properties of cement and kaolin/recycled aggregate,
respectively. In the production of the mixtures, tap water and
polycarboxylate ether-based superplasticizer were also used.

2.2. Preparation of Recycled Aggregate Powder

The preparation of RA powder and the situation of ag-
gregates at every step are summarized in Figure 1 and Fig-
ure 2, respectively. The RA was provided with a 4-64 mm
size range (Fig. 2a). The aggregate also contained brick/roof
tile, glazed wall tile, and many flat and elongated particles
(Fig. 2b). This aggregate was crushed with a jaw crusher to
0-4 mm (Fig. 2d) and then ground with a Los Angeles test
device for 1000 cycles. Afterward, the fine aggregate was
sieved through a 0.5 mm sieve, and the fraction passing the
sieve (Fig. 2e) was used to produce SIFCON.

The gradation of the aggregates used in the prepara-
tion of the slurries is given in Figure 3. LA and RA were
screened through different sieves and remixed in definite
proportions to obtain the specified gradation.

(b) Wire

Figure 2. Obtaining RA powder (a) recycled aggregate as
received; (b) different particles; (c) adhered mortar to the
old concrete aggregate; (d) aggregate after crushing to 0-4
mm; (e) sieved RA powder after Los Angeles degradation.

—
=
o

-1
[

o
(=)

25

Cumulative passing (%)

Pan 0.063 0.125

Sieve size (mm)

0.250 0.500

Figure 3. Gradation of aggregates.

2.3. Mixtures and Method

2.3.1. Sample Preparation

The ingredients and some properties of SIFCON mix-
tures are presented in Table 3. After the molds were lubri-
cated, the fibers were put into the molds with the sprinkling
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Table 3. Ingredients and some properties of SIFCONs

Ingredient (kg/m?) LAS* RAS**
Cement 640 605
Water 372 365
Limestone aggregate 780 -
Recycled aggregate - 685
Kaolin 73 63
Steel fiber 620 620
Superplasticizer 7 12
Property

Flow diameter of slurry (cm) 32.0 32.8
Fresh unit weight (kg/m?) 2441 2294

*: Limestone aggregate SIFCON; **: Recycled aggregate SIFCON.

method without any routing or vibration. At this stage, the
fibers were only randomly distributed horizontally, and the
position of the fibers in a vertical direction was prevented
manually. Sand, kaolin, cement, water, and superplasticizer
admixture were put into the mixer bowl during the slurry
preparation. With the help of a spoon, the ingredients were
mixed for approximately 15 seconds, and then the mixer
was operated for 180 seconds at 62.5 rpm. The materials
adhering to the wall of the container were removed in 15
seconds with a spoon, and the mixer was operated for an-
other 180 seconds at 125 rpm.

For the sake of comparison, it was aimed to produce
slurries with similar flow diameters. To determine the
flow diameters of the slurry, a truncated cone with 7 cm
top diameter, 10 cm bottom diameter, and 6 cm height

Figure 4. Photographs of slurries at the end of flow diame-
ter tests (a) LAS; (b) RAS.

was filled with slurry without any compaction. The cone
was pulled vertically, and the flow diameter was mea-
sured in two perpendicular directions after 30 seconds.
The average of these two values was recorded as the flow
diameter (Fig. 4). The SIFCONSs prepared with limestone
and recycled aggregate were coded as LAS (limestone ag-
gregate SIFCON) and RAS (recycled aggregate SIFCON),
respectively.

The slurry was poured into the molds with pre-
placed fibers, and a vibration table was used for 10 sec-
onds to compact the specimens. The molds were kept in
laboratory conditions for 24 hours before demoulding,
and standard water curing was applied for 27 days (Fig.
5). 71 mm cube, 40x40x160 mm prism, and 50x50x240
mm notched prism specimens with 10 mm notch height
and 3 mm notch width were used to determine the
compressive strength, sorptivity, and fracture energy,
respectively.

Figure 5. Sample preparation and curing.
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Figure 6. Details of specimen and test setup.

2.3.2. Tests

All hardened state tests were applied to the 28-day age
samples. The compressive strengths were determined with
71 mm cube specimens using a mortar compression testing
machine at a loading rate of 2.4 kN/s.

A mufle furnace was used to investigate the high-tem-
perature resistance of SIFCONs. Samples were dried in an
oven at 60 °C for 72 hours before the test. The temperature
rise rate of the muffle furnace was 10 °C/minute. The samples
were heated at 900 °C for 3 hours. Then, the specimens were
allowed to cool gradually in the furnace. When the sample
temperatures reached room temperature, the flexural test
was applied, and the fracture energy losses were recorded.

ASTM C1585 Standard [35] was used to determine the
rate of capillary water absorption. During the test, samples
of 40x40x160 mm prism specimens were used. All parts of
the samples, except the bottom surfaces (40x40 mm) that
will come into contact with water, were covered with a wa-
terproof insulation material, and experiments were carried
out according to the relevant standard.

RILEM [36] defined fracture energy as the required en-
ergy for creating one unit area of a crack and stated that
notched beam specimens can be used to calculate fracture
energy. In this study, a fracture energy test was carried out
using a 3-point flexural test setup with a displacement-con-
trolled universal test machine at a 0.01 mm/minute rate.
The test was ended when the peak load dropped by 95%.
The fracture energy was calculated using Equation 1. con-
sidering the RILEM (50-FMC) [36]. The W , mg, §, are the
area under the load-displacement curve, the weight of the
specimen between supports, and maximum displacement,
respectively. The displacements were taken from the univer-
sal test device's measurement at the specimen's midspan. A

0
=1

B Slurry SIFCON

61.2

Compressive strength (MPa)
o - (=)
=1 (=] (=}

=}

Figure 7. Compressive strengths of slurries and SIFCONs.

is the midspan cross-sectional area without the notch. The
details of the specimens used and the application of the test
are shown in Figure 6.

G=(W, + mgd )/A (1)

3. RESULTS AND DISCUSSION

3.1. Compressive Strength

The compressive strength of slurry and SIFCON speci-
mens are shown in Figure 7. The compressive strengths of
SIFCON samples produced with LA and RA are higher than
those of fiber-free slurries by 77% and 100%, respectively.
The compressive strength of slurry and SIFCON samples
containing limestone aggregate was higher than those of
specimens prepared with RA by 33% and 18%, respectively.
Fan et al. [37] investigated the effect of fine recycled aggre-
gate produced by two methods on the concrete properties
produced with 0.35 and 0.55 w/c ratios. The researchers stat-
ed that the compressive strengths of the concretes produced
with 100% recycled fine aggregate were up to 33% and 48%
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lower in the 0.35 and 0.55 w/c ratio concretes than those of
the control samples (having the same water/cement ratios).
In a similar study, Ju et al. [38] used fine recycled aggregate
as a partial replacement for natural fine aggregate in normal-
and high-strength concrete. It was determined that the com-
pressive strengths in normal- and high-strength concrete
mixtures decreased by 29% and 8%, respectively, using 100%
recycled aggregate. The fact was attributed to the high poros-
ity of the recycled aggregate arising from its adhered mortar,
which was also the cause of the low density and high-water
absorption capacity of recycled aggregate [39, 40].

3.2. Rate of Capillary Absorptions

The rate of capillary absorption values of the samples is
shown in Figure 8. Initial and secondary rates of absorp-
tions of SIFCON prepared with RA were 87% and 96%
higher than those of the limestone aggregate SIFCON. It
is thought that both the mortar still stuck to the aggregate
particles after grinding in the Los Angeles testing device
and the separated old mortar particles, which have a porous
structure, are responsible for the high rate of sorptivity val-
ues. Ayub et al. [41] reported that the sorptivity of recycled
aggregate concrete was higher than that of the reference
mixture. In addition, it was stated that sorptivity gradually
increases with the increase of the recycles aggregate substi-
tution rate. Civioglu [42] also obtained similar results in his
study. Algin [43] investigated the effects of recycled aggre-
gates on self-compacting concrete. The researcher report-
ed that using recycled aggregates increased the sorptivity.
This situation was attributed to the high-water absorption
capacity of the recycled aggregate [44].

3.3. Fracture Energy and the Effect of High

Temperature on Fracture Energy

Load-midspan displacement graphs of the samples
before and after exposure to high temperatures are given
in Figure 9 and Figure 10, respectively. The peak load and
maximum displacement values of the samples produced
with limestone were higher than those containing RA be-
fore and after the high-temperature effect. Peak loads were
reached quickly in the samples produced with both aggre-
gate types. After the peak, the composite continued carry-
ing the load until the maximum displacement values (end
of test), but the load gradually decreased. After the effect of
high temperature, both the peak loads and the maximum
displacement values decreased compared to the samples
not exposed to high temperature.

5000
—rRAS -—LAS

4000

3000

Load (N)

2000

1000

Displacement (mm)

Figure 9. Load-displacement curves of samples before
high-temperature effect.
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Figure 10. Load-displacement curves of samples after ex-
posure to 900 °C.

The average peak load, fracture energy values, and dis-
placement corresponding to the peak load of SIFCON' are
shown in Figure 11. It was seen that the peak loads of LA
SIFCONSs either before or after the effect of 900 °C were
higher than those of the SIFCONs produced with RA. The
fact seems to be caused by the porous structure of the old
mortar adhering to the recycled aggregate particles and the
weak structure of the old mortar particles separated from
the aggregate particles. In addition, new interfacial transi-
tion zones formed between the new and the old mortar and
between aggregate and new paste are likely to impact this
behavior of the mixtures significantly. While the peak loads
of LASs were 25% higher than those of the RASs before
the high temperature, this value decreased to 13% after the
high-temperature effect.

Similarly, the displacement values corresponding to
the peak loads of the LASs were 35% and 3% higher than
those of the RASs before and after the high temperature,
respectively. The higher displacement values correspond-
ing to the peak loads of LASs indicated that these SIF-
CONs were more resistant to the initial crack formation
than RAS and prevented the crack formation for a more
extended period than RAS. Here, as in the peak loads,
the difference between the displacement of two series
decreased after exposure to high-temperature and even
reached almost the same point.
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Figure 11. Peak loads, displacement corresponding to peak
loads, and fracture energy of mixtures.

There are similar trends in fracture energies to peak
load and displacement values corresponding to peak load.
As expected, both before and after the high temperature,
the fracture energies of LASs are higher than those of RASs.
The fracture energies of LASs were 77% and 34% higher
than RASs before and after the high-temperature effect.
Like the other results, the fracture energy values became
close after high temperature.

The losses in peak load and fracture energy with high
temperature are shown in Figure 12. Samples produced
using limestone suffered more than those produced with
recycled aggregate. Although the peak loads and fracture
energy values before the high-temperature effect are not
the same, it is possible to say that SIFCONs produced
with recycled aggregate are more resistant to high tem-
peratures. The number of factors affecting this situation
is relatively high. Kou et al. [45] investigated the effect of
recycled aggregate substitution on the high-temperature
resistance of concrete. They stated that with recycled
aggregate, the compressive strength losses of concretes
exposed to 800 °C were reduced compared to that of the
control sample.

Similarly, in this study, with high temperatures, the
SIFCON samples produced with recycled aggregate lost
strength at lower rates than the LAS mixture. It has been
stated that the thermal expansion coefficient of the old
adhered mortar in the recycled aggregate is more com-
patible with the thermal expansion coefficient of the new
mortar layer than that of the natural aggregate [46]. In
addition, it is thought that the porous structure of the re-
cycled aggregate facilitates the evacuation of the evapo-
rated water. In this way, the internal stresses caused by the
vapor pressure are reduced.
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Figure 12. Peak load and fracture energy losses after
high-temperature effect.

4. CONCLUSIONS

This study investigated the effects of recycled aggregate
on compressive strength, sorptivity, fracture energy, and
high-temperature resistance of SIFCONs. For this purpose,
limestone and recycled aggregate under 0.5 mm were used.
For the materials used and tests applied, the following con-
clusions may be drawn:

o The compressive strength of slurry and SIFCON pre-
pared with recycled aggregate were 30.6 MPa and 61.2
MPa, respectively. The strength of limestone aggre-
gate-bearing slurry and SIFCON were 33% and 18%
higher than those of the recycled aggregate-bearing
counterparts.

o The initial and secondary absorption rates of limestone
aggregate SIFCON were 25.7x10° "mm/'s" and 2.4x10°
"mm/\s", respectively. These values increased by 87% and
96% with using recycled aggregate.

o The fracture energy of recycled aggregate SIFCON was
14.9 N/mm, 44% lower than that of the SIFCON pre-
pared with limestone aggregate. Additionally, the peak
load and displacement corresponding to the peak load
of limestone aggregate SIFCON were higher than those
of the recycled aggregate SIFCON.

o After exposure to 900 °C temperature, the fracture en-
ergy of limestone and recycled aggregate SIFCON re-
duced to 15.5 N/mm and 11.6 N/mm, respectively. The
relative reduction in fracture energy of the recycled ag-
gregate SIFCON upon exposure to 900 °C (22%) was
roughly half that of the SIFCON containing limestone
aggregate (41%).

This study is a preliminary study examining the usabili-
ty of recycled aggregate in SIFCON production. Increasing
the number of studies on these materials' strength and du-
rability properties will increase the cumulative knowledge
on this subject.
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1. INTRODUCTION

ABSTRACT

Considering that cooling in cooling systems is more costly than heating, the importance of
refrigerant selection in cooling systems is even more obvious. Due to the complexity of the
refrigerant selection problem, a multi-criteria decision approach must be used to implement
a thorough and organized evaluation of the factors. The purpose of this study is to evaluate
the criteria to be considered when choosing refrigerants using the interval type-2 trapezoidal
fuzzy Analytic Hierarchy Process (AHP). As a result, the most important and least crucial re-
frigerant selection criteria are determined by calculating the weights and obtaining the rank-
ing of the requirements. In this way, the refrigerant selection criteria are prioritized, and the
most crucial factor in refrigerant selection has emerged as energy efficiency. In light of the
results, it has become clear that it is now essential for everyone in the world to use environ-
mentally friendly, highly effective refrigerants.

Cite this article as: Seyhan, M., Ayyildiz E., & Erdogan, M. (2024). Evaluating the factors
influencing the sustainable refrigerant selection by fuzzy decision making approach. J Sustain
Const Mater Technol, 9(1), 45-59.

to chemical compositions [4], and the second is about
the progression of refrigerants from the past to now [5].

The global energy consumption of refrigeration and
air conditioning is approximately 20% [1]. For this reason,
refrigeration systems, including heat pumps, pulsating heat
pipes [24, 25], refrigerators, HVAC (heating, ventilation,
and air conditioning), etc., have vital importance in our
daily and business lives. They help cool dwelling places,
business offices, and meat, vegetables, and fruit products
[2, 3]. The main component of refrigeration systems is
refrigerants, which are working fluids that change phase
from gas to liquid regularly. In the literature, there are two
different classifications of refrigerants. The first is related
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Refrigerants can be divided into five groups that are natural
refrigerants, chlorofluorocarbons (CFCs), hydrochloroflu-
orocarbons (HCFCs), refrigerant blends, and hydrofluoro-
carbons (HFCs) [3, 4] in terms of chemical compositions.
The evolution of refrigerants from their invention to
the future is shown in Figure 1 by dividing into four gen-
erations [5]. These are the first generation from 1830 to
the 1930s, the second generation from 1931 to 1990s, the
third generation from 1991 to 2010s, and the fourth gener-
ation from 2010 to now in terms of development of refrig-
erants in the long run. The first generation of refrigerants
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was used regardless of flammability, toxicity, and environ-
mental impacts [1, 5]. In the second generation of refrig-
erants, the producer was taken into account the safety and
durability of the refrigerants. HCFCs and CFCs are the
refrigerant types commonly used in this generation. Third-
generation refrigerants were developed to protect the ozone
layer due to the requirement of the Montreal Protocol [6].
This protocol restricts the HCFCs and CFCs to achieve low
ozone depletion potential (ODP). The fourth-generation
refrigerants evolved because of concerns about the grow-
ing global warming after the Kyoto Protocol. According
to this Protocol, countries must restrict or prohibit using
the HFCs and PFCs types of refrigerants [3, 5]. In devel-
oping fourth-generation refrigerants, refrigerants with low/
zero ODP, low global warming potential (GWP), and high
efficiency have been developed and produced due to the
increasing global warming concern.

The European Union (EU) Commission has restricted
using HFC refrigerants due to their high global warming
potential [7]. Hydrofluoroolefin refrigerants (HFO) present
low/zero ODP and extremely low GWP due to the absence
of no chlorine and a brief atmospheric period [8]. Hence,
HFOs have great potential to be used as the fourth-genera-
tion refrigerant [9]. Along with developing or selecting the
more eco-friendly refrigerant, other essential properties,
such as sustainability, thermodynamic properties, flamma-
bility, etc., play an essential role in choosing a new refrig-
erant [10, 11]. Thermodynamic properties must be a high
coefficient of performance (COP), thermal conductivity,
vapor density, latent vaporization heat, low liquid viscos-
ity, critical pressure, and liquid density to determine the
suitable refrigerants in refrigeration systems. In selecting
the appropriate refrigerant, it must have low/zero ODP
[12], [13], low GWP [2, 3, 6, 10-12, 14-19], flammabil-
ity [2, 3, 6, 10-12, 14, 15, 17-19], low secondary environ-
mental impacts [2] and toxicity [2, 3, 10-12, 14, 15, 17,
19] in terms of environmental impacts. McLinden et al.
[1] and Kaseeian et al. [2] prepared the required criteria

First generation
h Second generation

list, including minimal flammability, low toxicity, GWP
and secondary environmental impacts, zero ODP, long
operational life, material compatibility, maximized recy-
clable content, maximum energy efficiency, reasonable
cost, and stable for the life of the system for requirements
for new refrigerants. In the study of Vuppaladadiyam et
al. [3], they reviewed the development of refrigerants and
their undesired environmental impacts. They mentioned
ideal fourth-generation refrigerant properties such as zero
ODP, low GWP, high efficiency, no toxicity, and no flam-
mability. Abas et al. [4] researched the optimal refrigerant
for low GWP and no ODP for the solar water heating sys-
tem. Mohanraj and Abraham’s review study [5] analyzed
eco-friendly refrigerants for automobile air conditioners
regarding thermophysical, thermodynamic, and chemical
characteristics. Another review study by Bolaji and Huan
[6] suggested natural refrigerants reduce the environmental
impacts of the HFC, CFC, and HCFC refrigerants. Meng
et al. [7] investigated the conditioning performance of a
suggested R1234yf/R134a refrigerant having low GWP, no
ODP, and no flammability for automobile air conditioner
systems. Their suggested refrigerant helps to reduce the
GWP impacts and eliminate the ODP and flammability.
Direk et al. [8] experimentally investigated the performance
of alternative refrigerants, R444A and R152a, in automobile
air conditioner systems to reduce environmental impacts
such as GWP and ODP. They found that R152a refrigerant
significantly enhances the refrigeration performance com-
pared to the R134a and R444A.

Table 1 summarizes the literature on refrigerant selec-
tion using different types of MCDM and machine learn-
ing methods. In the study of Poongavanam et al. [11],
they found the optimum refrigerant for the automobile
refrigeration system with the help of TOPSIS, MOORA,
EDAS, and sensitivity analysis. Souayeh et al. [12] used
MCDM methods like TOPSIS, EDAS, and MOORA to
select environmentally friendly refrigerants in applying
HVAC and renewable energy devices. Similarly, Ustaoglu

h Third generation
O i s

Figure 1. Evolution of refrigerants in time.
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Table 1. Summary of literature related to refrigerant selection

Author(s) Subject

Methods

Poongavanam et al. [11]
automobile

Devotta et al. [22]

Souayeh et al. [12]
Renewable energy devices

Prabakaran [23]

Koundinya [21]
Economic, and Energy for heat pump

Ustaoglu et al. [20]

Refrigerant selection in the application of refrigeration systems for

Classification of refrigerant in terms of flammability

Eco-friend refrigerant selection in the application of HVAC and

Optimization of future refrigerants for domestic refrigerant system

Selection of best refrigerant in terms of Environmental, Exergy,

Refrigerant selection for vapor compression refrigeration cycle in

TOPSIS, MOORA, EDAS, and
Sensitivity analysis

ANN, Random forest model
TOPSIS, EDAS, MOORA

EDAS, Sensitivity analysis
TOPSIS

Taguchi, ANOVA, TOPSIS

terms of environmental, economic, safety, and cost

et al. [20], for the vapor compression refrigeration cycle,
and Koundinya and Seshadri [21] for the heat pump,
selected the best refrigerant by using Taguchi, TOPSIS,
and ANOVA and TOPSIS, respectively. On the other
hand, Devotta et al. [22] performed a classification study
for refrigerants regarding flammability with the help of
ANN and the Random forest model.

Considering the sub-criteria mentioned above under
main criteria such as thermodynamics, sustainability, and
environmental, selecting the most suitable refrigerant
for refrigeration systems is very challenging. At the same
time, suitable refrigerants are determined using theoret-
ical, simulation, and experimental methods, which take a
long time and cost a lot of money [11]. Multi-criteria deci-
sion-making (MCDM) methods present a comprehensive
selection and evaluation process considering different
criteria for selecting eco-friendly, more efficient, and sus-
tainable refrigerants. The need to consider many factors in
the selection of refrigerants has made it possible to use the
MCDM approach. Furthermore, it would be reasonable to
use fuzzy logic to express the values that cannot be obtained
numerically in the process and to model the uncertainty
best. Based on all these important considerations, the prob-
lem of refrigerant selection is discussed in this paper, and a
fuzzy MCDM approach is proposed to solve this problem.
Besides, type-2 fuzzy sets, an extended version of fuzzy sets,
handle uncertainty best and obtain results closest to the real
world. As a result of detailed literature research, elements
that should be considered in selecting the best refrigerant
are determined, and then a prioritization analysis is per-
formed to reveal the relative importance of these factors.
For this purpose, the Analytic Hierarchy Process (AHP)
method is utilized, which is an MCDM approach based
on the pairwise comparison principle and is the most fre-
quently used in the literature. As a result of this proposed
fuzzy-based MCDM analysis, factors that should be con-
sidered first in selecting a refrigerant system have been suc-
cessfully determined.

This study presents an innovative approach to address-
ing the complicated problem of refrigerant selection in
cooling systems. This study introduces the interval type-2

trapezoidal fuzzy AHP for evaluating and ranking these
criteria and factors. Previous research has emphasized the
significance of considering various criteria and characteris-
tics during selection. This study provides a more accurate
representation of the decision-making process by employ-
ing type-2 fuzzy sets, which can effectively deal with uncer-
tainty and model real-world scenarios. In addition, using
the AHP method in conjunction with fuzzy logic is a novel
combination that provides a systematic and exhaustive
evaluation of refrigerant selection criteria. The results of
this study not only list the factors that influence the selec-
tion of a sustainable refrigerant but also emphasize the
importance of energy efficiency in this decision-making
process. This research contributes to the field by introduc-
ing a novel methodology that improves the comprehension
and application of sustainable refrigerant selection in cool-
ing systems.

Section 2 presents the adopted methodology in detail.
Section 3 includes the application for the refrigerant selec-
tion problem. While discussing the study’s findings in
Section 4 in Section 5, the study concludes with an evalua-
tion of the results.

2.THE PROPOSED METHODOLOGY

MCDM approaches are valuable for handling compar-
ison problems with diverse measurement units [24]. They
enable the evaluation of qualitative and quantitative factors
simultaneously, aiding in real-life problem-solving [25].
MCDM-based methodologies are widely used in different
areas [26]. Concrete and abstract criteria pose challenges in
decision-making, mainly when more abstract criteria exist.
Fuzzy sets help represent data accurately and handle uncer-
tainties and ambiguities [25].

The utilization of MCDM approaches in decision-mak-
ing offers various benefits. Firstly MCDM enables a
structured and systematic evaluation and comparison of
options based on multiple criteria. This approach pro-
vides a comprehensive framework for considering vari-
ous factors and facilitates a thorough analysis of available
alternatives. Secondly, MCDM allows for the explicit
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consideration and weighing of the relative importance of
criteria. Decision makers can assign weights to each cri-
terion, ensuring the final decision reflects their priorities
and values. Thirdly, MCDM approaches provide a clear
and transparent decision rationale, fostering stakeholder
support and consensus. The systematic nature of MCDM
allows decision-makers to justify their choices based on a
well-defined evaluation process.

Furthermore, MCDM facilitates the identification and
evaluation of trade-offs between different criteria. In situa-
tions where it is impossible to optimize all criteria simulta-
neously, MCDM assists in understanding the compromises
and trade-offs associated with other alternatives. Lastly,
MCDM approaches enable the integration and synthesiz-
ing information from multiple sources, which is particu-
larly beneficial in complex decision-making situations. By
considering diverse perspectives and combining informa-
tion from various stakeholders, MCDM enhances the qual-
ity and effectiveness of the decision-making process. Fuzzy
MCDM methods utilize fuzzy logic to handle uncertain or
imprecise information [27]. They are beneficial when eval-
uating multiple options with conflicting criteria and uncer-
tain or inaccurate information. Fuzzy sets and membership
functions allow flexible representation of criteria uncer-
tainty and subjectivity. They are valuable in decision-mak-
ing where classical methods fall short [28].

Fuzzy logic, suggested by Zadeh [29, 30] deals with
approximate reasoning, representing uncertainty and fuzz-
iness in real-world situations flexibly [31, 32]. It utilizes
fuzzy sets with membership degrees from 0 to 1 [33]. Fuzzy
logic finds applications in control systems, pattern recog-
nition, and natural language processing, effectively han-
dling uncertain or imprecise information. Fuzzy set theory
quantifies linguistic variables to compare alternatives.
Type-2 fuzzy sets take more uncertainty and are suitable
for decision-making with subjective judgments [34]. They
provide a more realistic conversion of information from
decision-makers into numerical values [35]. Type-2 fuzzy
sets offer more flexibility and expressiveness than type-1
fuzzy sets [36], thus enhancing the decision-making pro-
cess in several ways. Firstly, type-2 fuzzy sets allow for the
modeling of higher levels of uncertainty by accommodating
varying degrees of fuzziness within the membership func-
tion [37]. This capability is particularly relevant in complex
decision-making scenarios, such as refrigerant selection,
where multiple factors and criteria may exhibit different
levels of uncertainty. Secondly, type-2 fuzzy sets represent
uncertainty in the membership function and the uncer-
tainty bounds associated with the membership grades [38].
This additional layer of uncertainty modeling provides
decision-makers with more nuanced information about
each criterion’s assessment’s reliability and confidence level,
contributing to a more robust decision-making process.

Furthermore, type-2 fuzzy sets offer flexibility in han-
dling conflicting and ambiguous information, which is
common in real-world decision-making contexts [39].

Type-2 fuzzy sets are used in this study based on their abil-
ity to address these specific challenges inherent in refriger-
ant selection [40]. Adopting type-2 fuzzy sets in this study
facilitated a more comprehensive analysis of refrigerant
selection criteria, enhancing the decision-making process
compared to traditional type-1 fuzzy sets [41].

AHP is used to model MCDM problems with tangi-
ble and intangible criteria in a hierarchical structure [42]
and developed by Saaty [43]. It calculates criteria weights
through pairwise comparisons based on expert judgments.
AHP is chosen due to its ability to handle qualitative and
quantitative criteria, ensure consistency of judgments, and
create a hierarchical structure. For the sustainable refrig-
erant selection problem, AHP is suitable because of its
hierarchical structure [44] and linguistic evaluation of deci-
sion-makers. Type-2 fuzzy AHP is a promising approach
that addresses high uncertainty from experts’ subjective
assessment of membership degrees. MCDM approaches,
AHP based on type-2 fuzzy sets, offer valuable tools to
improve decision-making in complex situations, enhancing
the quality and effectiveness of the process [45].

The method adopted to solve the refrigerant selection
problem in the paper is expressed in detail in the following
sub-sections.

2.1. Interval type-2 fuzzy sets

The definitions of type-2 fuzzy sets and interval
type-2 trapezoidal fuzzy sets are introduced in this
sub-section [46-48]:

Definition 1. A type-2 fuzzy set A is expressed with a
type-2 membership function u3 in the universe of discourse
X, as shown:

A={((ow), uz0ew)Ivx € X, Vu € J €[0,1],0 < s (xw) < 1} (1)

Where ] dengtes an interval in [0, 1]. Furthermore, the
type-2 fuzzy set A can be presented:

A= [ fey 1aCow) /() 2)

where J_ € [0,1] and [[ show union over all admissible
x and u.

Definition 2. Ais a type-2 fuzzy set and is presented by the
type-2 membership function ¢z in the universe of discourse
X.Ifall pz(x,u) = 1, then Ais nam~ed an interval type-2 fuzzy
set. An interval type-2 fuzzy set A can be accepted as a spe-
cific case of a type-2 fuzzy set, presented as:

A: = fxEX qu]X 1/(xw) (3)

where J € [0,1]

Definition 3. The upper and lower membership func-
tions of interval type-2 fuzzy sets are defined as type-1
membership functions, accordingly. This study pres-
ents an approach for using interval type-2 fuzzy sets for
fuzzy MCDM problems. Interval type-2 fuzzy sets are
specialized using reference points and the heights of the
upper and lower membership functions. Figure 2 denotes
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a trapezoidal interval type-2 fuzzy set A, = (AY,A) =
(a4, a%, a¥, aly; Hy (4Y), Ho(4Y)),
(aiLl» apy, afy, afy; Hy (A~l{)' H, (Alf))

are type-1 fuzzy sets, afj, aly, a, ay, aby, al, als and al, are
the reference points of the interval type-2 fuzzy 4;; H;(4Y)
presents the membership value of the element ajf;,1y in the
upper trapezoidal membership function AY; 1 <j <2, H;(A})
presents the membership value of the element ajf;,,, in the
lower trapezoidal membership function 4% 1 <j <2, H;(4})

) [47], where AY and A}

H,(AY) € [0,1],H,(AY) € [0,1],H, (A}) € [0,1],H,(4F) € [0,1]
and1<i<n.

A
Bi(dl) ===
2(4F)
H, (”‘)
H, (4] \
/ &
>
174 U L L U L U
aA al aﬂ a Cld ae} aJ aH

Figure 2. The membership functions of an interval type-2
fuzzy set.

Definition 4. The following equations describe the
addition operation between trapezoidal interval type-2
fuzzy sets:

S ((al"l,afz,afg,aa;Hl(A?),Hz(Al")),>

A= (Alva%) =

(afl,afz,a'f3,a'f4;H1(A'{),Hz(z‘ﬁ)) (4)
fm (a2 = (ats, o, as, ol i (A7), Hy (4Y)),
: v (alz'p aéz,a%3,a§4;H1(Aé),H2(A%)) (5)

af, +afy, al, + afy, afy + afs, af, + af;
<mm (1(A9), ,(2%) ) min (1, (A), (Ag)))'

aby +aby ab, + aky, abs + aby ab, + aky (6)
<min (Ha(A9), Hy(A8))  min (H(A2), H, (&)))

A @4, = (41, 4Y) @ (44, 4) =

Definition 5. The following equations describe the
subtraction operation between trapezoidal interval type-2
fuzzy sets:

(”—511‘ afz- a%’z, aﬂi Hy (Alf), H, (A%’)) ,>

A = (&Y, 4%) =
= ((ah,a%z.afs.an:ﬂl(/iﬁ),ﬂz(ﬁg)) )
hy= (00,15 = (a4, a%,, as, ab; Hy(49), Hy(42)),

: v (alz“paéZra%&a'z“hH1(Aé)’Hz(A~é)) (8)

U U LU U LU U U U.
g1~ 21, Gy — Aap, (13 — Ag3,A14 — Aa4)
i AU v ; v i) |’
min (Hl(A] ) Hy(AY)), min (H (A7), H,(4Y))
L L L L L L oL L.
( ai1 — Az, A1z ~ A3z, A13 — Ag3, A1y — G345 ) (9)

min (Hy(45), Hy(45)) min (H,(4%), H,(45))

4,04, = (Alun‘ﬁ)g(/izun‘ié) =

Definition 6. The following equations describe the mul-
tiplication operation between trapezoidal interval type-2
fuzzy sets.:

i= (AU AL) _ (aijpailz'ai]yaﬂiH1(A¥)'H2(A1 )

1= 1,41) — ~
(a%valfz'alfy afs; H1(A%)'H2(AL ) (10)
i (AU AL) (‘121 a3y, ays, azs; HI(AU) HZ(AU))
2 = \42,42) = 11
(azpazz' azs, A H1(AL) HZ(AL)) (1D

afy x af), af, x a3, afy X ay, afy x afy;
<mm (H(2Y), Hy(49)), min (H(AY), H, (Ag)))'

afy X afy, af, X af,, afs X afy, aty X aky;
<mm (), 1 (25))  min (HZ(AD,HZ(As)))

A4, ® 4, = (47, 4) ® (4, 4f) =

(12)

Definition 7. Some basic arithmetic operations for trap-
ezoidal interval type-2 fuzzy numbers are given:

(ai]p aty, ats, afy; Hy (1‘111])' H, (Aﬁ’)) ,
(13)

(aflv Aty afs, afy; Hy (A%), H, (I‘I'{))

i = 4V, 4% =<

. ((exafy ke x all ko x ads, ke x all; By (AY), Hy(AY))),
kA, =
! (k x aby, k x aby, k x aks, k x aky; Hy (4Y), Hz(f‘ﬁ)) (14)

1 u 1o qu
- =X -
i (k ai1, 3 X A1z,
K 1
"k

x afs,

><a

>:‘I>—l el
?rl»—n ?rl»—n

by (). (A >)'> 15)

a14 H1(AL) HZ(AL))

Definition 8. The following is a definition of the trape-
zoidal interval type-2 fuzzy set’s ranking value:

Rank(A) = My(AY) + My (&%) + My(AY) + My(AF) + Ma(4Y) +

M3 (A1) =5 (5: (A7) + 5, (A1) + 5, (A7) + 5 (A1) + 5(A7) + 53(41) + (16)

Su(AY) +S4(A1)) + (V) + Hy (AF) + Hy(AY) + Hy(4F)

where M,(A)) shows the average of the factors a{p
and al(pﬂ), Mp(j{) = (a +al(p+1))/21 < p £ 3 shows
the standard deviation of the factors a{q and al(q +1y

j 2
S,(4)) = J 2‘“1 —ixtta ) 1 < g < 3, SAD
shows the standard dev1at10n of the factors a;,al,, al,, al,,

~7 1
sl = [15he, (ol -

membership value of the factor a

T alk) H,(4)) shows the
i(p+1) In the trapezoidal

membership function 4, 1 <p<3,j€{U L},and 1 <i<n.

2.2. Trapezoidal Interval Type -2 fuzzy AHP

AHP is an MCDM method developed by Saaty [49, 50].
The AHP method, widely recognized for determining criteria
weights, is commonly employed to address complex problems
involving multiple criteria [51]. AHP is adaptable, involves
no complicated math, and utilizes a hierarchical structure to
enhance focus and transparency in decision-making processes
[52]. AHP is used. Triangular fuzzy numbers are employed
in Laarhoven and Pedryczs [53] hybridization of AHP
with fuzzy logic to provide a method for usage in uncertain
scenarios. The fuzzy comparison rates with the expanding
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Table 2. Linguistic expressions

Linguistic Terms Fuzzy Numbers
Weak AW 0.11 0.1 0.1 0.1 1 1 0.1 0.1 0.1 0.1 0.9 0.9
Very Veak Vw 0.11 0.1 0.2 0.2 1 1 0.1 0.1 0.2 0.2 0.9 0.9
Fairly Weak FW 0.14 0.2 0.3 0.3 1 1 0.1 0.2 0.2 0.3 0.9 0.9
Slightly Weak SwW 0.2 0.3 0.5 1 1 1 0.2 0.3 0.5 0.9 0.9 0.9
Equal E 1 1 1 1 1 1 1 1 1 1 0.9 0.9
Slightly Strong ss 1 2 4 501 1 11 21 39 49 09 09
Fairly Strong EFS 3 4 6 7 1 1 3.1 4.1 59 6.9 0.9 0.9
Very Strong \'A 5 6 8 9 1 1 5.1 6.1 7.9 8.9 0.9 0.9
Strong AS 7 8 9 9 1 1 7.1 8.1 8.9 8.9 0.9 0.9
approach were put forth by Buckley [54]. In his suggested
method, the geometric mean method obtains fuzzy weights 5y
and performance scores. To more accurately depict the Eal ot Imporant meertant |
uncertainties in getting the criteria weights, interval type-2
fuzzy AHP—which also incorporates fuzzy membership | %% £
functions—is employed in this study. f

The interval type-2 trapezoidal fuzzy AHP method .f;
offers several advantages in accuracy, reliability, and com- I‘."‘J
putational efficiency compared to other MCDM methods,
especially in complex decision-making scenarios such as /
sustainable refrigerant selection. First, the interval type-2 (.
trapezoidal fuzzy AHP method provides a robust frame- ) s 10 *

work for capturing and managing the uncertainty and
imprecision inherent in decision-making processes [55].
By allowing decision-makers to model varying degrees of
uncertainty in criteria evaluations, this method provides
a more accurate representation of real-world decision
contexts than methods that rely solely on crisp values or
type-1 fuzzy sets. Second, the interval type-2 trapezoidal
fuzzy AHP method improves the reliability of the deci-
sion-making process by incorporating multiple sources of
uncertainty and ambiguity into the analysis. By explicitly
modeling uncertainty boundaries and considering different
scenarios within the interval type-2 fuzzy framework, this
method provides decision-makers with a more comprehen-
sive understanding of potential outcomes and their associ-
ated risks. Although the interval type-2 trapezoidal fuzzy
AHP method involves additional computational complex-
ity compared to some traditional decision-making meth-
ods, advances in computational techniques and algorithms
have made its application possible and efficient. In addi-
tion, the interval type-2 trapezoidal fuzzy AHP method is
adaptable to specific decision contexts and problem struc-
tures, allowing efficient and scalable application in practical
applications. In the context of this study, the Buckley AHP
method is created using interval type-2 trapezoidal fuzzy
sets. The proposed interval type-2 trapezoidal fuzzy AHP
method is composed of the following steps:

Step 1. A decision hierarchy of main and sub-criteria is
constructed.

Figure 3. The membership functions of interval type-2
trapezoidal fuzzy numbers.

Step 2. 1t is decided on what scale will be used to evalu-
ate the criterion. Table 2 lists the scale used in this study to
transform linguistic expressions into interval type-2 trape-
zoidal fuzzy sets.

Figure 3 illustrates the scale’s membership functions
employed in this paper to guide decision-making.

Step 3. For main criteria and sub-criteria for each main
criterion, pairwise comparison matrices are created in the
hierarchy. The Equation 17 is a fuzzy pairwise comparison
matrix:

1 12 dlm
. la21 1 azm
=1 (17)

aln az2n 1
z.. 1
W= (18)
e.g., @3l = %
d = ((a¥y; aly; als; a¥y; Hy(aY); H2(aY),
(19)

(ahi a%zi a%3; ah; Hy (aL)i H2(aL)

Therefore,
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1A, .t 1, Uy. U
F ((aﬂ’ ail3 ’ ailz ’ aill ’ H1(a12)» H2(a13),

20
 Hy(aky); H2(aks)) 20
Step 4. The defuzzification process is conducted to cal-
culate consistency indexes. The following equations deter-
mine consistency ratio (CR) [56]. The pairwise comparison
matrices are consistent when the CR is less than 0.1.

Amax
Cl = Py (21)
=4a
CR = py (22)

The random index (RI) varies randomly about the
number of criteria, where “n” is the number of criteria.
Consistency Index (CI) is determined based on the table
proposed by Saaty [49].

Step 5. Geometric means of all criteria are calculated:
Fi = [0 ® @ ®...Q A" (23)

(@) = ((ﬁ%’l)”", (@)"" (@8)"",(a%)"" Hy (@t H, (afé)) :
T \@)" (@) (@) (@) Haal), Haal)
Step 6. The weights are computed via normalization as
follows:

wi=7Fi=[Ff1O7F2d..H#M]* (25)

Step 7. Finally, the fuzzy numbers are defuzzified
using Eq. (26) to identify the degree of importance of each
criterion.

1(1
wi =215k, b +ab)

®1 (3%, (Hi(ah) + Hya%))

4

(26)

3. APPLICATION

Applications for air conditioning and refrigeration have
become more crucial in recent years due to global warming
and high energy consumption. The significance of refriger-
ant selection in refrigeration systems is even more appar-
ent when considering that cooling costs more than heating.
Incorrect material choice and improper application result
in issues that are difficult to resolve after the system is

Table 3. Expert proficiencies as a decision-maker

operational and impose significant financial expenses on
the user. In this situation, it is crucial to identify the criteria
that affect the choice of the best refrigerant and to evaluate
their significance methodically. This study aims to identify
the requirements that should be considered for refrigera-
tion and the most essential criteria in the evaluation pro-
cess. For this aim, AHP, a well-known MCDM technique, is
used by consulting experts in an interval type-2 trapezoidal
fuzzy environment.

Table 2 indicates expert proficiencies as the decision
makers in refrigerant selection. The criteria are determined
and weighted using expert opinions and available litera-
ture about the problem. When selecting experts, their skills
and expertise are considered in this field. In choosing the
experts to be consulted for this study on sustainable refrig-
erant selection, several key aspects were crucial to ensure
the credibility and relevance of their contributions. First,
priority is given to experts with deep expertise in refriger-
ant selection, sustainable practices, environmental manage-
ment, and multi-criteria decision making methodologies.
Their reputation, experience, and publication record are
thoroughly evaluated to ensure they have a track record
of high-quality research and contributions to the field. It
is critical to select experts who are available and accessi-
ble for consultation and have strong communication skills
to facilitate fruitful collaboration. Careful consideration is
also given to identifying and managing potential conflicts
of interest to protect the integrity of the study. By care-
fully considering these factors, a panel of experts is assem-
bled, ready to provide valuable insight and expertise and
to validate the findings and conclusions of the study with
the expert group. E-1, E-2, E-3, E-4, E-5, E-6, and E-7 are
the abbreviations for seven decision-makers with a deep
knowledge of the HVAC sector. Because each expert has a
different experience level, as shown in Table 3, their weights
(reputations) also differ. Although all experts are mechan-
ical engineers, five have academic careers, and the remain-
ing two work as engineers in the HVAC sector.

3.1. Evaluation criteria

Based on the literature review and expert opinions,
a two-level criteria framework is created to prioritize
the factors related to the refrigerant selection problem.

Experts Career Title Experience  Field Reputation (Expert Weight)
E-1 Academician Asst. Prof. 7 Mechanical Engineering 0.2
E-2 Academician Res. Asst. 5 Mechanical Engineering 0.1
E-3 Academician Prof. Dr. 15+ Mechanical Engineering 0.1
E-4 Engineer HVAC specialist 3 Mechanical Engineering 0.1
E-5 Academician Res. Asst. 7 Mechanical Engineering 0.1
E-6 Academician Prof. Dr. 20+ Mechanical Engineering 0.2
E-7 Engineer HVAC specialist 20+ Mechanical Engineering 0.2
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Table 4. Main and sub-criteria

Main Criteria Sub Criteria

References

C1. Environmental C11. Ozone depletion potential

1, 3], [6], [10]-[12], [14]-[19]

[2

C12. Global warming potential [2]-[4], [6], [10]-[12], [14]-[19]

C13. Secondary environmental impacts [2]

C14. Flammability [2], [3], [6], [10]-[12], [14], [15], [17]-[19]

C15.Toxicity [2], [3], [10]-[12], [14], [15], [17], [19]
C2. Thermodynamic C21. Latent heat of vaporization [10]-[12], [15], [16], [19]

C22. Thermal conductivity [3], [11], [12], [16]

C23. Vapor pressure (6], [10]-[12], [14], [15]

C24. Liquid density (3], [6], [10]-[12], [15], [16]

C25. Liquid viscosity [3], [10]-[12], [16]

C26. Normal boiling point [3], [4], [6], [14], [16], [17], [19]
C3. Sustainability C31. Operation life [2], [6], [16], [17], [19]

C32. Recyclable content [2]

C33. Material use [2]

C34.Energy efficiency Expert view

C35.Refrigerant cost [2], [11], [12]

C36.Materials compatibility [2]
Table 5. Pairwise comparison matrices for main criteria
Expert 1 2 3 4
Criteria C1 C2 C3 C1 C2 C3 C1 C2 C3 C1 C2 C3
C1. Environmental E E FW E SS \S E VW VS E AS ES
C2. Thermodynamic E E SW SW E ES VS E AS AW E SW
C3. Sustainability ES SS E VW FW E VW AW E FW SS E
Expert 5 6 7
Criteria Cl1 C2 C3 Cl1 C2 C3 Cl1 C2 C3
C1. Environmental E vw  SW E SS SS E SW AW
C2. Thermodynamic VS E E SW E E VS E VW
C3. Sustainability SS E E SW E E FS 'S E

Three main criteria—environmental, thermodynamic,
and sustainable make up the first level. Table 4 presents
the main and sub-criteria for refrigerant selection.

3.2 Determining the criteria weights for each level of

the hierarchy

Seven experts are consulted, as explained before, and
are required for criteria evaluation for each level through a
questionnaire to determine the weights of the criteria. First,
a pairwise comparison matrix is constructed for the main
criteria by each expert based on linguistic variables in Table
2. Table 5 shows the matrices for the main criteria created
by experts.

The consistency of the experts’ opinions is examined;
if the pairwise comparisons are inconsistent, the experts
are asked to reassess. In response to inconsistencies iden-
tified by the CR, the revision process involves reviewing

Table 6. CR values for main criteria comparisons

Expert 1 2 3 4 5 6 7
CR 0.03 0.091 0.084 0.03 0.084 0 0.084

expert judgments and seeking consensus among experts.
Re-evaluation of the relevance of the criteria further
resolves inconsistencies and ensures robust decision out-
comes. The weight calculation phase is initiated when the
CRisless than 0.1 [57], indicating that the relevant matrix
is consistent. The CR values for the pairwise comparisons
of the main criteria for each expert are shown in Table 6.
All matrices are determined to be consistent, as shown in
Table 6.
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Table 7. Main criteria weights

Criteria/Expert 1 2 3 4 5 6 7
C1. Environmental 0.156 0.627 0.198 0.734 0.110 0.584 0.076
C2. Thermodynamic 0.197 0.301 0.751 0.080 0.511 0.208 0.152
C3. Sustainability 0.647 0.073 0.051 0.186 0.379 0.208 0.772
Table 8. Pairwise comparison of Expert-1 for sub-criteria of Environmental

Sub-Criteria C11 C12 C13 Cl14 C15
C11. Ozone depletion potential E E SS AW AW
C12. Global warming potential E E SS AW AW
C13. Secondary environmental impacts SW SW E AW AW
C14. Flammability AS AS AS E SS
C15.Toxicity AS AS AS SwW E
Table 9. Pairwise comparison of Expert-3 for sub-criteria of Thermodynamic

Sub-Criteria C21 C22 C23 C24 C25 C26
C21. Latent heat of vaporization E AW AW SS E VW
C22. Thermal conductivity AS E E AS AS SS
C23. Vapor pressure AS E E AS ES VS
C24. Liquid density SW AW AW E E FwW
C25. Liquid viscosity E AW Fw E E FW
C26. Normal boiling point VS SW VW ES FS E
Table 10. Consistency ratios for sub-criteria evaluations

Expert 1 2 3 4 5 6 7
For Sub-criteria of Environmental 0.078 0.091 0.066 0.087 0.084 0.063 0.099
For Sub-criteria of Thermodynamic 0.096 0.085 0.082 0.087 0.087 0.095 0.095
For Sub-criteria of Sustainability 0.096 0.095 0.089 0.09 0.087 0.099 0.096

The weights of the main criteria are computed by using
the interval type-2 trapezoidal fuzzy AHP steps once all
pairwise comparison matrices have been consistently
obtained. Table 7 presents the main criteria weights based
on expert opinions.

It can be noticed that Environmental (C1) is the most
essential criterion for three experts (E-2, E-4, and E-6), and
Thermodynamic (C2) is the most critical criterion for two
experts (E-3 and E-5). Lastly, Sustainability (C3) is evalu-
ated as the most crucial main criterion by two experts (E-1
and E-7). From this point of view, it can be said that experts
have different opinions according to their knowledge and
experience. Thus, making a more inclusive evaluation is
possible by taking experts’ opinions with other ideas.

The same experts are consulted to assess the second
level of the criteria. For this reason, expert opinions are

used to build pairwise comparison matrices for the sub-cri-
teria. For instance, Table 8 displays the pairwise compar-
ison matrix constructed using Expert-1’s assessments of
the sub-criteria under the Environmental main criterion.
Additionally, Table 9 shows the pairwise comparison matrix
constructed using Expert-3’s judgments of the sub-criteria
for the Thermodynamic main criterion.

The pairwise comparison matrices for the sub-criteria
are first examined for consistency, and each is consistent.
Table 10 displays the CR value for each matrix.

The criteria weights for the second level are computed by
reapplying the interval type-2 trapezoidal fuzzy AHP steps
after determining the consistency of all matrices. Table 11
lists the sub-criteria weights considering each expert.

The priority scores for each sub-criteria are deter-
mined, as shown in Figure 4, by multiplying the aggregated
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Table 11. The weights of sub-criteria for each expert

Sub-Criteria/Expert 1 3 4 5 6 7
C11. Ozone depletion potential 0.060 0.196 0.075 0.287 0.044 0.285 0.093
C12. Global warming potential 0.060 0.379 0.322 0.360 0.081 0.176 0.086
C13. Secondary environmental impacts 0.036 0.040 0.039 0.031 0.048 0.059 0.025
C14. Flammability 0.500 0.193 0.195 0.099 0.260 0.195 0.412
C15. Toxicity 0.343 0.193 0.370 0.222 0.568 0.285 0.385
C21. Latent heat of vaporization 0.472 0.490 0.044 0.392 0.327 0.399 0.084
C22. Thermal conductivity 0.062 0.082 0.349 0.181 0.112 0.271 0.023
C23. Vapor pressure 0.201 0.109 0.373 0.215 0.169 0.121 0.149
C24. Liquid density 0.037 0.046 0.034 0.053 0.057 0.072 0.101
C25. Liquid viscosity 0.037 0.032 0.043 0.034 0.057 0.037 0.138
C26. Normal boiling point 0.190 0.242 0.156 0.124 0.278 0.100 0.506
C31. Operation life 0.098 0.220 0.229 0.202 0.283 0.225 0.267
C32. Recyclable content 0.063 0.159 0.116 0.160 0.120 0.068 0.064
C33. Material use 0.068 0.041 0.028 0.024 0.054 0.056 0.022
C34. Energy efficiency 0.362 0.470 0.508 0.484 0.409 0.249 0.427
C35. Refrigerant cost 0.165 0.047 0.051 0.067 0.072 0.342 0.100
C36. Materials compatibility 0.244 0.063 0.068 0.063 0.062 0.060 0.119
C36. Materials com patibiity 0,057
C35.Refrigerant cost 0,056
C34.Energy efficiency 0,154
C33. Material use 0,018
C32. Recyclable content 0,030
C31. Operation life 0,080
C26. No mal boiling point 0,061
C25. Liquid viscosity 0,015
C24. Liguid density 0,015
C23. Vapor pressure 0,059
C22. Thermal conductivity 0,050
C21. Latent heat of vaporization 0,076
C15.Toxicity 0,092
C14. Flammability 0,071
C13. Secondary environmental impacts 0,014
C12. Global waming p otential 0,081
C11. Ozone depletion potential 0,072
0,000 0,050 0,100 0,150 0,200

Figure 4. Sub-criteria weights.

sub-criteria weights by the corresponding main criterion
weights. The criteria weights of 7 experts are compiled,
considering the weights (reputations) of experts.

Energy efficiency (C34) is the most significant cri-
terion among all sub-criteria. This outcome is expected
because sustainability (C3) is the main criterion that
matters the most to the two experts with the highest

reputations. With final weights of 0.092 and 0.081, respec-
tively, Toxicity (C15) and Global warming potential (C12)
rank second and third. This rating illustrates that choosing
a refrigerant is influenced by the Sustainability factor and
the sub-criteria stated below, and decision-makers should
consider this. The fourth ranking, Operation Life (C31),
shows the significance of choosing a refrigerant with a
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C36. Materials com patibility
C35.Refrigerant cost
C34.Energy efficiency

C33. Material use

C32. Recyclable content

C31. Operation life

C26. Normal boiling point

C25. Liguid viscosity

C24. Liguid density

C23. Vapor pressure

C22. Thermal conductivity

C21. Latent heat of vaporization
C15.Toxicity

C14. Flammability

C13. Secondary environmental impacts
C12. Globa waming potential
C11. Ozone depletion potential

0,000

0,018

0,014
0,019

0,011

0,057
0,056
0,154

0,030
0,080
0,056

0,054
0,060
0,126
0,101
0,075

0,055
0,033

0,050 0,100 0,150 0,200

Figure 5. The weight changes of sub-criteria show that the proposed method is sensitive to small changes.

long lifetime. Secondary environmental effect (C13), one
of the sub-criteria of the Environmental main criteria, is
the least significant criterion. It implies that focusing on
more essential criteria in the selection process would be
more acceptable and that this criterion is not very import-
ant when choosing refrigerants.

3.3. Sensitivity Analysis

A sensitivity analysis is conducted to examine and eval-
uate the proposed methodology. In this process, the weights
of the primary criteria derived from interval type-2 trape-
zoidal fuzzy AHP are modified between two main criteria
while keeping the third constant. This involves sequen-
tially replacing the weight of the first main criterion with
those of the second and third criteria while maintaining the
other constant. Subsequently, the sub-criteria weights are
recalculated to assess the proposed methodology’s behav-
ior in response to weight changes. These results aid deci-
sion-makers in establishing priorities and facilitating the
analysis process.

Moreover, as the weights of the main criteria change
reciprocally, the overall weights of the sub-criteria also
fluctuate. For instance, if we interchange the primary cri-
teria “Environmental” and “Thermodynamic,” the global
weight of sub-criteria such as “Ozone depletion poten-
tial” decreases from 0.072 to 0.033. In contrast, the weight
of “Latent heat of vaporization” increases from 0.076 to
0.126. The weights of sub-criteria are provided in Figure
5. The results show that the proposed method is sensitive
to small changes.

4. DISCUSSION

This study initially identified criteria based on a com-
prehensive literature review and consultation with experts
to ensure relevance to the decision-making context.
Subsequently, the interval type-2 trapezoidal fuzzy AHP
methodology is employed to assign weights to these criteria.
Furthermore, to ensure the accuracy and validity of the results,
the obtained criteria weights are verified through interviews
with experts in the field. This approach ensured that the
selected criteria accurately reflected the decision-making
context. To reduce the impact of individual biases and limited
perspectives, this study uses a variety of strategies, including
diverse expert panels, rigorous validation processes, sensitiv-
ity analyses, and transparency in decision-making, ensuring
that the final decision reflects a consensus-based, compre-
hensive assessment of all relevant factors.

As mentioned in the introduction, the energy consump-
tion of refrigeration systems in domestic and industrial
usage is approximately 20% worldwide [1]. Refrigeration
and air conditioning are no longer considered luxuries
because they are indispensable for food, health, and finan-
cial services but also for human comfort [58]. As a result
of the ever-increasing number of refrigerators in all areas
of our lives, there is a dramatic increase in energy demand
and emissions, a growing contribution to global warming.
Therefore, the energy efficiency of refrigerator systems is
critical to postpone the global warming potential. Energy
efficiency refers to the energy cost required to achieve a
specific goal. The review study of McLinden et al. [2], it
is indicated that the main aim is to achieve refrigeration
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with new refrigerants while maximizing energy efficiency
by minimizing environmental impact. In the study of
Poongavanam et al. [9], they selected the best refrigerant
by considering thermal properties, ecological impacts,
and cost. When examined their selected R430A, which is
the best refrigerant according to their criteria, it is seen
that the thermodynamic properties of the refrigerant, i.e.,
its efficiency, are prioritized over environmental impacts
such as GWP and ODP in the selection of refrigerant. This
situation in Poongavanam et al. [9] study supports energy
efficiency as the most influential criterion identified in the
present study. Prabakaran et al. [10] selected the refrigerant
among 14 alternatives by considering many criteria such as
power construction, coefficient of performance, total envi-
ronmental impacts, thermodynamic properties, cost, and
lifetime. While R444B refrigerant was the best alternative
regarding coefficient of performance, total environmental
impacts, lifetime, and cost, R290 refrigerant was the best
alternative regarding refrigerant charge and discharge pres-
sure. While the selection of R444B refrigerant supports the
results of the present study, while that of R290 refrigerant
does not. The Natural Resources Defense Council (NRDC)
proposed strategies for enhancing air conditioners (ACs)
in India to rapidly expand the use of energy-efficient and
low-GWP refrigerants [59]. As the studies above address,
energy efficiency is the most valuable criterion in the selec-
tion of refrigerants. Studies on increasing the refrigerant
energy efficiency of refrigerants also show the importance
of energy efficiency in the selection of refrigerants, which is
also emphasized in this study.

5. CONCLUSION

Refrigeration systems are crucial for home and com-
mercial applications, including ice production, air condi-
tioning, and air separation. Due to the wide applications of
refrigeration systems in daily life, refrigerants are not a sig-
nificant threat inside the system, but their leakage and dis-
charge to the environment pose a significant threat to the
environment by causing global warming and ozone deple-
tion. On the other hand, the refrigeration system’s perfor-
mance is primarily based on the refrigerant performance,
so developing highly efficient and environmentally friendly
refrigerant is indispensable. The refrigerant choice for the
refrigeration system is critical because it affects operating
conditions and cycle performance. This study analyzes the
refrigerant selection criteria by considering sustainability,
environmental, and thermodynamics dimensions under
ambiguous conditions. The interval type-2 trapezoidal
fuzzy AHP approach, which allows multiple criteria to be
evaluated simultaneously, solves the factors of the refriger-
ant selection problem. Three main criteria and 17 sub-cri-
teria are determined in this study. The adoption of interval
type-2 trapezoidal fuzzy AHP approach in the refriger-
ant selection is presented as a methodology to reveal the
more suitable criteria. In this way, MCDM analysis is then

carried out. The most significant criterion in the proposed
multi-criteria analysis is “energy efficiency;” the least con-
siderable criterion is “secondary environmental impact”
Although “vapor pressure,” “latent heat of vaporization,”
and “material compatibility” are determined as other sig-
nificant criteria, energy efficiency is almost twice as sub-
stantial as the second-most important criterion. Refrigerant
and refrigeration systems developers can use the proposed
methodology to improve their system performance by con-
sidering determined sub-criteria such as energy efficiency,
GWP, vapor pressure, etc.

The main contributions of this study are as follows: (1)
The Refrigerant selection problem is handled as an MCDM
problem; (2) The most significant refrigerant selection
criteria are identified and categorized in a hierarchical
structure; (3) These main criteria and their sub-criteria are
evaluated under uncertain conditions, and the weight of
each criterion is determined; and (4) To the best of authors’
knowledge, this study presents the first decision-making
model for refrigerant selection problem. These contribu-
tions demonstrate how this fuzzy decision-making model
incorporates several innovative elements in method and
application domains, ensuring the study has novel charac-
teristics for the pertinent literature.

Limitations of this study include potential biases in
expert opinions, the complexity of integrating interval
type-2 trapezoidal fuzzy AHP into decision-making pro-
cesses, and the need for further validation of results in dif-
ferent contexts. Future research could use larger and more
diverse expert panels to address these limitations, increase
transparency in the decision-making process, and conduct
comparative analyses to assess the robustness of this model.
Additional criteria can be added, or the fuzzy AHP meth-
odology can be developed better to capture the uncertain-
ties and complexities in the decision-making process.

The proposed interval type-2 trapezoidal fuzzy AHP
approach can efficiently handle larger and more complex deci-
sion problems by establishing hierarchical structures. Such
problems can be decomposed into smaller, more manageable
sub-problems, allowing faster and more scalable solutions.
This hierarchical decomposition strategy makes it possible to
effectively navigate the complexities of decision-making while
optimizing the use of computational resources. Future recom-
mendations include using various MCDM methods to verify
the findings or probabilistic approaches to look at the issue
from a probabilistic viewpoint. Different MCDM methods can
extend this framework with different fuzzy environments, and
heating and refrigeration materials can be evaluated for vari-
ous cases. Integrating interval type-2 trapezoidal fuzzy AHP
with other decision-making tools or software provides numer-
ous advantages. For example, it combines different method-
ologies, enabling the selection of the most suitable refrigerant
among alternatives. Furthermore, the integration allows the
creation of various scenarios to validate results while taking
advantage of advanced visualization and reporting tools for
advanced analysis.
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1. INTRODUCTION

ABSTRACT

A composite's rheology can be changed by adding superabsorbent polymer (SAP) and basalt
fibers and using silica fume. This study aimed to investigate the effects of these components on
the viscosity and shear stress parameters of the paste. The proportions of the components were
varied, with SAP content ranging from 0.01% to 0.03%, basalt fiber from 0% to 0.50%, silica
fume (micro silica) at 15%, and water content from 0.40 to 0.50. Response surface methodolo-
gy was used to optimize the mixture proportions, and the rheological properties of the result-
ing pastes were characterized using a rheometer. Results showed that the addition of SAP and
basalt fiber had a significant impact on the rheological properties of the paste, with increasing
amounts of both resulting in increased viscosity and shear stress. Overall, this study highlights
the potential of SAP and basalt fiber in advances of the rheology of cement paste and provides
insight into the optimal proportions of these components for achieving desired rheological
properties. The findings of this study could be useful in developing high-performance con-
crete with enhanced rheological properties, which could have a wide range of applications in
the construction industry. In addition, 0.50% BE, 0.01% SAP, and 0.445 water-to-cement were
found as optimum proportions regarding the rheology of the cement paste.

Cite this article as: Dilbas, H. (2024). Rheology of superabsorbent polymer-modified and
basalt fiber-reinforced cement paste with silica fume: Response surface methodology. J Sustain
Const Mater Technol, 9(1), 60-71.

hydration progress. SAP can release water into the capillar-
ies, thus maintaining a high relative humidity and reduc-

Rheology studies the deformation and flow of materi-
als under applied forces. It is essential to understand the
rheological properties of cement pastes, significantly when
they are modified with additives such as a superabsorbent
polymer (SAP) and nano-silica (NS), because they affect
the workability, pumpability, and performance of the ce-
mentitious materials. SAP is a type of hydrogel that can ab-
sorb and retain large amounts of water, up to several hun-
dred times its weight. It has been used as an internal curing
agent in cement pastes to mitigate autogenous shrinkage, a
deformation caused by self-desiccation of the pores due to

*Corresponding author.
*E-mail address: hasandilbas@yyu.edu.tr

ing capillary tension. SAP can also improve cement pastes'
durability and mechanical properties by reducing cracking
and enhancing pore structure [1]. NS is a nanomaterial with
a high specific surface area and reactivity. It has been used
as a supplementary cementitious material (SCM) in cement
pastes to improve the compressive strength, hydration rate,
and microstructure. NS can fill the pores, reduce the poros-
ity of cement pastes, participate in the pozzolanic reaction,
and form additional calcium silicate hydrate (CSH) [2]. The
rheological properties of cement pastes modified with SAP
and NS depend on several factors, such as the dosage, parti-
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cle size, dispersion, and interaction of the additives, as well
as the water-to-cement ratio (w/c), temperature, and time.
Several studies have investigated the effects of SAP and NS
on the rheology of cement pastes using rotational rheome-
try, which can measure the viscosity and yield stress of the
materials by applying a shear stress or strain [3]. The vis-
cosity is a measure of the resistance to flow, while the yield
stress is a measure of the minimum stress required to initi-
ate flow. Both parameters are influenced by the amount and
type of additives in cement pastes. Generally, increasing the
dosage of SAP or NS increases the viscosity and yield stress
of cement pastes because they consume more water and
increase the solid content [4]. However, some studies have
reported that low dosages of SAP or NS can reduce cement
pastes' viscosity and yield stress because they act as lubri-
cants or dispersants [5]. The particle size and distribution
of SAP and NS also affect the rheology of cement pastes.
Smaller particles increase viscosity and yield stress more
than larger particles because they have a higher surface area
and adsorption capacity [6]. The dispersion of SAP and NS
in cement pastes is also important for achieving a homoge-
neous mixture and avoiding agglomeration or segregation
[7]. The interaction between SAP and NS in cement pastes
is another factor that influences their rheological proper-
ties. Some studies have suggested that SAP can reduce NS's
negative effects on cement pastes' rheology by providing
internal curing water and preventing excessive water con-
sumption by NS [8]. However, other studies have indicated
that SAP can interfere with the dispersion and hydration of
NS in cement pastes by competing for water or forming a
coating layer around NS particles [9]. Therefore, the opti-
mal dosage and ratio of SAP and NS in cement pastes must
be determined based on their rheological requirements.
Due to hydration and swelling processes, the rheologi-
cal properties of cement pastes modified with SAP and NS
vary with time. Hydration causes an increase in viscosity
and yield stress over time because it consumes water and
forms CSH gel [10]. Swelling causes a decrease in viscosi-
ty and yield stress over time because it releases water and
reduces capillary tension [11]. The rate and extent of hy-
dration and swelling depend on the w/c ratio, tempera-
ture, type and dosage of additives, and curing conditions
[12]. Basalt fiber-reinforced cement paste (BFRC) is a
composite material that consists of a cement paste matrix
and basalt fibers dispersed randomly or aligned in a cer-
tain direction. Basalt fibers are natural fibers derived from
volcanic rocks that have high tensile strength, modulus
of elasticity, thermal stability, and chemical resistance
[13]. BFRC has been used for various applications such
as structural repair, fire protection, thermal insulation,
and noise reduction [14]. The rheological properties of
BFRC are influenced by several factors, such as the dos-
age, length, diameter, aspect ratio, surface treatment, and
orientation of basalt fibers, as well as the water-to-cement
ratio (w/c), admixtures, and curing conditions of the ce-
ment paste matrix [13-15]. The rheological properties of
BFRC are important for its workability, pumpability, flow-
ability, and stability during mixing, placing, and harden-

ing. Adding basalt fibers to cement paste generally in-
creases its viscosity and yield stress, decreasing its slump
and flow [13-15]. However, a higher w/c ratio can also
reduce the mechanical properties and durability of BFRC.
Therefore, an optimum w/c ratio should be selected to
balance the rheological and mechanical performance of
BFRC. Admixtures such as superplasticizers or air-en-
training agents can enhance the workability and stability
of BFRC by reducing the water demand, increasing the
fluidity, decreasing the segregation, and improving the
air entrainment of the mixture [13-15]. Superplasticizers
can also enhance the dispersion and alignment of basalt
fibers by reducing their agglomeration and flocculation
[14]. Air-entraining agents can create air bubbles that act
as lubricants and spacers among basalt fibers and cement
paste matrix, which reduce the frictional forces and in-
crease the deformability of BFRC [15].

The surface treatment of basalt fibers can affect their
adhesion and compatibility with the cement paste matrix,
affecting their dispersion and rheological properties. The
surface treatment can be physical (such as heat treatment
or plasma treatment) or chemical (such as silane coupling
agents or alkali treatment) [13, 14]. The surface treatment
can modify basalt fibers' surface morphology, roughness,
hydrophilicity/hydrophobicity, polarity, charge density,
functional groups, and bond strength. The surface treat-
ment can improve the wetting and bonding of basalt fibers
with cement paste matrix, and this leads to a reduction
in their pull-out resistance and an increase in their load
transfer efficiency. The surface treatment can also reduce
basalt fibers' water absorption and alkali reactivity, im-
proving their durability in an alkaline environment. The
surface treatment can also affect the dispersion and orien-
tation of basalt fibers by changing their surface energy and
electrostatic forces.

The mechanical properties of BFRC can be affected by
the w/c ratio, admixtures, and curing conditions of the ce-
ment paste matrix [13-15]. The w/c ratio influences the
porosity and hydration degree of the cement paste matrix,
affecting its strength and durability. A lower w/c ratio can
increase the compressive strength, tensile strength, flexur-
al strength, modulus of elasticity, and fracture toughness
of BFRC [13-15]. Superplasticizers can reduce the water
demand and increase the hydration degree and strength of
BFRC. Air-entraining agents can increase the air content
and reduce the density and strength of BFRC [15]. How-
ever, air-entraining agents can also improve the durabili-
ty and crack resistance of BFRC by creating air voids that
act as stress relievers and crack arresters [15]. The surface
treatment of basalt fibers can affect their mechanical prop-
erties by changing their adhesion and compatibility with
the cement paste matrix [13, 14]. The surface treatment
can also reduce the pull-out and slippage of basalt fibers,
which improves their fracture toughness and crack resis-
tance of BFRC [13, 14].

In conclusion, rheology is a valuable tool for character-
izing the flow behavior of cement pastes modified with SAP
and NS. These additives can affect cement pastes' viscosity
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Figure 1. View of silica fume, super absorbent polymer, and basalt fiber (from left to right, respectively).

Table 1. Physical properties of the materials used in the study

Material Specific Fineness Blaine's surface Chemical properties

gravity (cm?/g) area (cm?/g)
OPC 3.15 3,200 402 Si0,: 21.1%, ALO,: 4.8%, Fe,0: 3.2%, CaO: 63.1%
Silica fume 22 20,000 28,800 Si0,: 90-97%, ALO,: 1-2%, Fe,0 : 0.5-2%, CaO: 0.5-2%
SAP 1.2 N/A N/A Na: 6.5%, K: 1.5%, Cl: 0.7%, SO,: 1.2%
Basalt fiber 2.7 N/A N/A Si0,: 46.1%, ALO,: 10.4%, Fe,O,: 7.8%, CaO: 9.3%
Water 1.0 N/A N/A H,0:100%

and yield stress differently depending on their dosage, size,
dispersion, interaction, time, etc. Therefore, optimizing
their use based on their desired effects on both fresh and
hardened properties of cementitious materials is essential.
Basalt fiber-reinforced cement paste (BFRC) is a composite
material with superior rheological and mechanical proper-
ties compared to plain cement paste. The rheological and
mechanical properties of BFRC are influenced by several
factors related to the basalt fibers and the cement paste ma-
trix. These factors should be considered carefully to opti-
mize the performance and application of BFRC.

Response Surface Methodology (RSM) is a statistical
tool that can investigate the relationship between multiple
variables and their impact on a response, such as the rheo-
logical properties of cement paste [5]. RSM involves using
mathematical models to describe the relationship between
the input variables and the response variables, and the
models are used to optimize the input variables to achieve
the desired response. RSM is a useful tool for investigating
complex systems with multiple variables, and it can help to
identify the optimum conditions for achieving the desired
response. The proportions of SAP, basalt fiber, silica fume,
and water in cement paste can be optimized using RSM.
The proportions of these components can be varied with-
in a specific range, and the rheological properties of the
paste can be measured using standard methods such as the
slump test, the flow table test, and the rheometer test. The
results of these tests can be used to develop mathemati-
cal models to describe the relationship between the input
variables and the rheological properties of the paste. The
models can be used to identify the optimum proportions
of the components for achieving the desired rheological
properties of the paste.

Table 2. Mix proportions of the cement paste

Component Mix proportions (by weight)
OPC 1

Silica fume 0.15

SAP 0.01-0.03

Basalt fiber 0-0.50

Water 0.40-0.50

In this study, the impact of SAPs, basalt fibers, silica
fume (micro silica), and water on the rheological proper-
ties of cement paste was investigated using response surface
methodology (RSM) based on central composite design
(CCD). The rheological properties of the cement paste, in-
cluding viscosity and shear stress parameters, were analyzed
using a rheometer.

2. MATERIALS AND METHODS

2.1. Materials

The materials used in the study include ordinary
Portland cement CEM 1 42.5R (OPCQC), silica fume, super-
absorbent polymer (SAP), basalt fiber, and water (Fig. 1).
OPC was obtained from a local supplier. Elkem Materials
Inc., USA, provided silica fume. SAP was purchased from
BASF Corporation, USA. Basalt fiber was obtained from
Mafic USA, USA. The physical properties of the materi-
als used in the study are presented in Table 1. SAP had
a particle size distribution between 0.5 and 2 mm. The
median is 1.1 mm. Basalt fiber had a 9-13 um diameter
and 2 mm length.



J Sustain Const Mater Technol, Vol. 9, Issue. 1, pp. 60-71, March 2024 63

Table 3. Testing procedure

Shear rate, rpm 100* 100 50 25
Time, second 75 15 15 15

10 5 0.10 0.05 0.01
15 15 15 15 15 15

—

*Pre-shearing.

(b)

Figure 2. Rheology test setup (a) and data curation in computer with software (b).

2.2. Methods

2.2.1. Preparation of Cement Paste

The cement paste was prepared according to ASTM
C305-14. The OPC was mixed with silica fume, SAP, basalt
fiber, and water in a mixer for 5 minutes at 1400 rpm. The
mixture was then poured into a mold and placed in a curing
chamber at 25°C and 95% relative humidity for 28 days. The
mix proportions used in the study are presented in Table 2.

2.2.2. Rheological Testing

The rheological properties of the cement paste, includ-
ing viscosity and shear stress parameters, were analyzed
using a rheometer (Brookfield RV) (Fig. 2). The test was
conducted according to ASTM C1437-15. The sample was
placed in a cylindrical container with a diameter of 25 mm
and a height of 20 mm. The rheometer had a concentric cyl-
inder measuring system with a SC4-29 spindle. The test was
conducted at a shear rate of 0.01-100 s at 25°C (Table 3).

2.2.3. Response Surface Methodology

Response Surface Methodology (RSM) is a statistical
technique used to optimize and improve the response of a
system to various inputs or factors. RSM involves design-
ing experiments to study the effects of different input vari-
ables on the output response and then using mathematical
models to analyze the data and optimize the response. RSM
has been widely used in various fields, such as engineering,
chemistry, and agriculture, to optimize and improve the
performance of complex systems.

In cement-based composites, RSM has been used to op-
timize the properties of the composites by studying the ef-
fects of various input factors such as cement type, aggregate
type, water-cement ratio, and curing conditions. RSM has

been used to study the impact of these factors on various
properties such as compressive strength, flexural strength,
and durability of the composites. RSM is an effective tool
for optimizing the properties of cement-based composites
as it can help identify the most significant factors affecting
the properties and provide optimal conditions for achieving
the desired properties.

RSM has been used in several studies to optimize the
properties of cement-based composites [16, 17]. For ex-
ample, RSM was used to optimize high-strength concrete's
compressive strength and water absorption by studying
the effects of different factors such as water-cement ratio,
superplasticizer dosage, and curing temperature. Another
study used RSM to optimize the flexural strength of ce-
ment-based composites by studying the effects of factors
such as fiber type, fiber volume fraction, and curing condi-
tions. In both studies, RSM was found to be an effective tool
for optimizing the properties of cement-based composites
and providing optimal conditions for achieving the desired
properties.

RSM is a powerful statistical technique that can opti-
mize cement-based composites' properties by studying the
effects of various input factors on the response.

Central Composite Design (CCD) is a commonly used
experimental design in RSM. CCD involves designing a set
of experiments that allows for evaluating the curvature and
interactions of the input variables. It includes a set of fac-
torial, axial, and center points, allowing for the quadratic
response surface model estimation. CCD is an efficient and
cost-effective way to optimize the response of a system by
studying the effects of various input variables on the output
response. CCD is a widely used experimental design meth-
od in engineering and applied sciences for modeling and
optimizing the response of a system or process under study.
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Table 4. Range and levels of the variables used in the study

Variable Level -1 Level 0 Level 1
X1 (SAP content, %) 0.01 0.02 0.03
X2 (Basalt fiber content, %) 0 0.25 0.50
X3 (Water-to-cement ratio) 0.40 0.45 0.50
Table 5. Rheological properties of the cement paste

Run# X1 X2 X3 Viscosity (Pa-s) Yield stress (Pa) Shear stress (Pa)
1 0.01 0.50 0.50 0.0035 0.033 0.13

2 0.01 0.50 0.40 0.0032 0.031 0.12

3 0.01 0 0.40 0.0030 0.031 0.12

4 0.01 0.25 0.45 0.0034 0.032 0.13

5 0.01 0 0.50 0.0026 0.028 0.11

6 0.02 0.25 0.45 0.0030 0.031 0.12

7 0.02 0.25 0.50 0.0035 0.034 0.14

8 0.02 0.25 0.45 0.0033 0.033 0.13

9 0.02 0.50 0.45 0.0031 0.033 0.13

10 0.02 0.25 0.45 0.0033 0.033 0.13

11 0.02 0 0.45 0.0030 0.031 0.12

12 0.02 0.25 0.45 0.0032 0.033 0.13

13 0.02 0.25 0.45 0.0029 0.032 0.13

14 0.02 0.25 0.40 0.0031 0.033 0.13

15 0.02 0.25 0.45 0.0033 0.033 0.13

16 0.03 0 0.40 0.0028 0.030 0.12

17 0.03 0.25 0.45 0.0033 0.033 0.13

18 0.03 0.50 0.50 0.0034 0.032 0.13

19 0.03 0 0.50 0.0036 0.034 0.14

20 0.03 0.50 0.40 0.0031 0.032 0.13

The design involves creating a set of experimental runs that
vary in levels of the input variables to obtain a quadratic
response surface that can be used to model the system's be-
havior and predict optimal input settings. CCD is beneficial
in cases where the relationship between input variables and
response is complex and can be used to identify optimal
input settings for a desired output response [18].

CCD has been applied in various fields, including ma-
terials science [19], chemical engineering [18], and envi-
ronmental science [20, 21], among others. The method has
been used for optimizing a range of parameters, including
mechanical properties [19], chemical reactions [18], and
process parameters [20]. CCD has also been combined with
other techniques, such as artificial neural networks and fuzzy
logic, for improved optimization and modeling [22, 23].

One of the advantages of CCD is that it allows for the
estimation of the input variables' primary effects, quadrat-
ic effects, and interaction effects, which can help identify

essential factors and their relative contributions to the re-
sponse. Furthermore, the design is efficient regarding the
number of experimental runs required, with a minimum
number of runs needed to estimate the response surface
[21]. Despite its usefulness, CCD has some limitations, in-
cluding the assumption of linearity of the response surface
and the need for a sufficient number of runs to achieve ac-
curate results [22].

In conclusion, CCD is a powerful experimental de-
sign method that can be used to model and optimize the
response of a system or process. Its application in various
fields has demonstrated its effectiveness in identifying opti-
mal input settings for a desired output response. However,
it is essential to carefully consider the limitations and as-
sumptions of the method to obtain accurate results.

The CCD was used to investigate the components' im-
pact on the cement paste's rheological properties. The CCD
is a statistical experimental design method used to optimize
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Figure 3. Response surface method results of viscosity: (a)
Actual and predicted results, (b) contour of test results for
BF and SAP, (c) 3D surface of test results for BF and SAP,
(d) contour of test results for w/c and SAP, (e) 3D surface
of test results for w/c and SAP.

a system's response by varying the input parameters. The
CCD is a type of second-order design used to model the
response surface of the system as a quadratic equation. The
CCD requires fewer experimental runs than a complete
factorial design and provides a better understanding of the
relationship between the input and output variables.

The experimental design for the CCD involved three
independent variables, namely SAP content (X1), basalt
fiber content (X2), and water-to-cement ratio (X3). The
range and levels of the variables used in the study are pre-
sented in Table 4.

In this paper, all experimental designs and analyses
were examined with the help of the Design Expert soft-
ware. The experimental design involved 20 runs, including
one axial point, one factorial point, and six center points.
The experimental runs were randomized to minimize the
effect of extraneous variables. The experimental data were
analyzed using the response surface methodology, and the
quadratic model was developed to predict the rheological
properties of the cement paste.

3. RESULTS AND DISCUSSION

The rheological properties of the cement paste, includ-
ing viscosity and shear stress parameters, were analyzed us-
ing a rheometer. The results of the rheological testing are
presented in Table 5. The components' impact on the ce-
ment paste's rheological properties is discussed below.

The viscosity of the cement paste increased with in-
creasing SAP content and basalt fiber content and de-
creased with increasing water-to-cement ratio (Fig. 3). The
quadratic model developed to predict the viscosity of the
cement paste is presented in Equation 1 with R=0.8146.

(Viscosity)**=0.0565 + 0.0005X, + 0.0012X, + 0.0012X,
+ 0.0009X? - 0.0017X? + 0.0005X2 - 0.0011X X, +
0.0014X X, + 0.0002X X (1)

Where X1, X2, and X3 are SAP content, basalt fiber con-
tent, and water-to-cement ratio, respectively.

The yield stress of the cement paste increased with in-
creasing SAP content and basalt fiber ratio and decreased
with increasing water-to-cement range (Fig. 4). The qua-
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Figure 4. Response surface method results of yield stress:
(a) Actual and predicted results, (b) contour of test results
for BF and SAP, (c) 3D surface of test results for BF and
SAP, (d) contour of test results for w/c and SAP, (e) 3D
surface of test results for w/c and SAP.

dratic model developed to predict the yield stress of the ce-
ment paste is presented in Equation 2 with R=0.7899.

(Yield Stress)**=0.1809 + 0.0017X, + 0.0020X, +
0.0011X, - 0.0017X * - 0.0031X 2 + 0.0011X 2 - 0.0018X X,
+0.0018X X, + 0.0004X X, )

Where X1, X2, and X3 are SAP content, basalt fiber con-
tent, and water-to-cement ratio, respectively.

The shear stress of the cement paste increased with in-
creasing SAP content and basalt fiber ratio and decreased
with increasing water-to-cement range (Fig. 5). The qua-
dratic model developed to predict the shear stress of the
cement paste is presented in Equation 3 with R=0.7855.

(Shear Stress)’*=0.3599 + 0.0057X  + 0.0044X, +
0.0041X, - 0.0019X* - 0.0090X,* + 0.0049X.” - 0.0035X X,
+0.0035X X, + 0.0001X X, 3)

Where X1, X2, and X3 are SAP content, basalt fiber con-
tent, and water-to-cement ratio, respectively.

The study found that the viscosity of the paste increas-
es with an increase in SAP content and basalt fiber content
while decreasing with an increase in the water-to-cement ra-

tio. In contrast, the shear stress increases with an increase in
SAP content and a decrease in water-to-cement ratio while
decreasing with an increase in basalt fiber content. The study
also developed quadratic models to predict the viscosity and
shear stress of the paste. The models considered the interac-
tion between SAP and basalt fiber content and showed that
the exchange positively affects yield and shear stresses. The
comments are supported by Table 4, which presents the rhe-
ological properties of the paste for different runs, including
viscosity, yield stress, and shear stress.

Using the Response Surface Methodology (RSM) with
Central Composite Design (CCD) in the study is an ap-
propriate statistical technique to optimize the experimen-
tal design and analyze the effects of independent variables
on the response variables. CCD is a widely used practical
design approach that helps to explore the complex rela-
tionships between variables by modeling second-order
polynomial equations. The study utilized CCD to design
and conduct experiments by varying the proportions of
paste components within a specified range. The study re-
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Figure 5. Response surface method results of shear stress:
(a) Actual and predicted results, (b) contour of test results
for BF and SAP, (c) 3D surface of test results for BF and
SAP, (d) contour of test results for w/c and SAP, (e) 3D
surface of test results for w/c and SAP.

sults could be useful in designing cementitious materials
with improved rheological properties for various applica-
tions. Table 5 provides data on the effect of SAP content,
basalt fiber content, and water-to-cement ratio on the ce-
mentitious composites' viscosity, yield stress, and shear
stress. The data from the table can be analyzed using vari-
ous statistical techniques to gain insights into the inter-re-
lationships between the variables.

The statistical analysis of the data reveals that the wa-
ter-to-cement ratio significantly affects the viscosity of the
cementitious composites. According to the results of Runs,
the composites with a higher water-to-cement ratio have a
lower viscosity. This observation is consistent with the find-
ings of previous studies that have shown that an increase
in the water-to-cement ratio leads to a decrease in the vis-
cosity of the cement paste [6]. On the other hand, the yield
stress of the composites is influenced by the SAP and basalt
fiber content. As seen from the data in Runs, the composites
with a higher SAP content and basalt fiber content exhibit
a higher vyield stress. This result is in line with the previ-

ous studies that have demonstrated the reinforcing effect of
SAP and basalt fiber on the mechanical properties of ce-
mentitious composites [6, 14]. The data in Table 5 also sug-
gest that the shear stress of the composites is affected by the
interaction between the SAP content, basalt fiber content,
and water-to-cement ratio. For instance, the composites in
Runs, which have the same SAP and basalt fiber content but
different water-to-cement ratios, show different shear stress
values. This finding is consistent with the research high-
lighting the complex interplay between multiple variables
in determining the rheological properties of cementitious
composites [6, 7, 9, 24].

In conclusion, the data in Table 5 and Figures 3-5
demonstrate the significant influence of SAP content, ba-
salt fiber content, and water-to-cement ratio on the rheo-
logical properties of cementitious composites. The findings
highlight the importance of carefully selecting the material
components and optimizing their proportions to achieve
the desired rheological behavior of the composites. The op-
timization of the test results is given in the next section.
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Figure 6. All factors impact on the test results.

Cement-based fresh paste has colloidal properties, and
flow properties are essential during placement in the mold.
Being in a fluid consistency like water is the most essential
feature that is generally desired. For this reason, it is nec-
essary to have a viscosity close to water, a low yield stress
for it to flow, and a low shear stress between the particles.
Considering the mentioned situations, the obtained test re-
sults have been optimized. Accordingly, the viscosity, yield
stress, and shear stress are required to be minimum in the
optimization. In addition, it is thought that the minimum
SAP content, minimum basalt fiber content, and maximum
water/cement content of the materials used will contribute
positively to the results. Finally, the results shown in the fig-
ures below were obtained (Fig. 6, 7).

According to Figure 6, the relationship between the
components and rheological parameters was given. The
change in the rheology due to the use of SAP, BF, and w/c
were observed. It was understood from Figure 6 that the

increasing SAP and BF content in the mixture increased
the yield and shear stress. Although the mixtures' compo-
nents changed the mixtures' rheology, the mixtures' ex-
pected optimum behavior was evaluated below, as stated/
argued in Figure 7.

In this comprehensive study, the viscosity, yield, and
shear stress are required to be minimum in the optimization.
In addition, it is thought that the minimum SAP content,
minimum basalt fiber content, and maximum water/cement
content of the materials used will contribute positively to
the results. This leads to a high desirability of 0.887636, suit-
able up to 1.00. At this point, the proportions of components
were BF=0%, SAP=0.01%, w/c=0.50, and the predicted rhe-
ological properties were approximately viscosity=0.0028
Pa.s, yield stress=0.029 Pa, and shear stress=0.116 Pa (Fig.
7). However, if the desirability level was set to 0.80 and the
high is suitable up to 1.00, the proportions of components
were BF=0.50%, SAP=0.01%, w/c=0.445, and the predict-
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ed rheological properties were viscosity between 0.0028-
0.0030 Pa.s, yield stress between 0.029-0.030 Pa, and shear
stress between 0.114-0.115 Pa (Fig. 7).

4. CONCLUSIONS

In conclusion, the rheology of superabsorbent poly-
mer-modified and basalt fiber-reinforced cement paste
with silica fume was investigated using response surface
methodology. The study demonstrated that adding super-
absorbent polymer and basalt fibers significantly changed
the rheological properties of the cement paste. The re-
sponse surface methodology effectively optimized the
mix design parameters to achieve the desired rheological
properties. Some of the key findings of the study are com-
mented on below.

Rheological properties: Adding superabsorbent poly-
mer changed the cement paste's workability, yield stress,
and plastic viscosity. The increase of water-to-cement pro-
portion in the mixture increased workability, decreasing
viscosity, yield/shear stress, super absorbent polymer, and
basalt fiber’s impact was the opposite of this. Basalt fibers
enhanced the shear-thinning behavior of the cement paste,
leading to a more stable and pumpable mixture.

Mixture design based on rheology: The optimum mix
design parameters for achieving desired rheological prop-
erties were identified using the response surface method-
ology. Accordingly, the proportions of components such
as BF=0.05%, SAP=0.01%, and w/c=0.445 can be offered
for achieving desired rheological properties (low viscosity,
yield stress, and shear stress).

The study highlights the potential of superabsorbent
polymer and basalt fibers as effective additives for improv-
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Figure 7. Desirability results: (a) rheological properties-BF-SAP, (b) rheological properties-SAP-w/c.

ing the rheological properties of cementitious materials.
Further research is needed to explore the use of these ma-
terials in other cement-based applications, such as concrete
and mortar. Additionally, the study focused on the effects of
individual mix design parameters on the rheological behav-
ior of the cement paste. Future research could investigate
the interactions between multiple mixed design parame-
ters and their combined impact on the material's rheolog-
ical properties. This would provide a more comprehensive
understanding of the factors influencing the rheology of
cement-based materials and enable the development of
more advanced mix designs that meet specific application
requirements. Overall, the study demonstrates the potential
of response surface methodology as a valuable tool in opti-
mizing the mix design of cementitious materials for desired
rheological behavior.
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1. INTRODUCTION

ABSTRACT

The decrease in resources in the world has led people to produce new solutions for the more
efficient use of resources and to use various management techniques. One of the techniques used
is Value Engineering. Value Engineering strives to increase the value of structures by optimally
organizing each component that makes up the structure. Increasing the value of a structure is
possible by eliminating all the unnecessary costs in line with specific criteria and by providing
the optimal solution between the owner, the user, and the contractor's objectives, that is, the
duration, cost, and quality. This study includes the changes the Value Engineering team made to
increase the value of the materials extracted from the submarine in a Container Port Terminal
project without harming the environment and making them reusable. While expanding the proj-
ect value, it also aimed to reduce the project duration and cost by considering the sustainability
criteria. The original project was to create a clay pool while dewatering, separating the material,
filling the loose sand into the reclamation area, and removing the sludge material by sea. With the
recommendation of the value engineering team, the dewatering process was transformed into a
method of directly pressing the dredged loose sand into the breeding area, filtering the material
with geotextile tubes, and removing the material by loading it on the pontoons. With this change
in the project, 42% savings were obtained from the cost and 21% from the project duration.

Cite this article as: Kayabagi Aksu, C., & Atabay, S. (2024). Dewatering process for reuse of
seabed dredging material and time and cost optimization of the process by value engineering
method. J Sustain Const Mater Technol, 9(1), 72-83.

also found a place in engineering. “Value Engineering (VE)”
can be defined as a systematic approach to improving proj-

The perception that the concept of value creates in most
people is the price, which is the monetary equivalent of the
product. However, value is not a concept that can only be
measured by cost and price. The highest value is the value
that can safely perform the desired functions at the desired
time and place and meet the basic quality requirement with
the minimum possible total cost. The true value of a prod-
uct is only revealed by comparing its quality, cost, or other
characteristics with another product that performs the same
functions [1]. Value, used in many different ways in many
fields, such as philosophy, sociology, and mathematics, has
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ects, processes, services, products, and organizations [2].
According to a different definition of VE, it is by custom-
er requests, functions determined by the value engineering
team through in-depth analyses of products and business
processes, eliminating unnecessary ones from the process,
and concentrating on the functions of utmost importance
via the criteria determined by the value engineering team
and customers; additionally, using a variety of idea genera-
tion techniques, carrying out the work in the form of choos-
ing and implementing the least expensive among the alter-
natives that can solve the problem in its entirety.
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Maritime transportation has been essential to the sus-
tainability of the countries’ economies worldwide for centu-
ries. With the spread of marine transport, there has been a
significant daily increase in ship sizes and maritime traffic.
This requires an increase in the size of ports and other ma-
rine structures. While building a larger navigational struc-
ture, dredging and removing the materials under the sea is
necessary. Although most of these materials dredged from
the seabed are wanted to be disposed of due to economic,
logistical, legal, or environmental factors, it is possible to
consider them a vital resource.

The widespread use of maritime transportation in trade
makes ports the center of a country's economy [3]. The
spread of marine transportation causes an increase in ship
traffic and ship sizes. This situation reveals the necessity of
dredging in port basins, transportation channels, and ma-
neuvering areas. Dredging is essential for maintaining and
developing ports and waterways for maritime transport,
reclamation, and flood control [4]. As a result of dredging
the channels, large amounts of dredging material are re-
leased. While most of this material is currently wanted to
be disposed of for reasons related to the economy, logistics,
law, or the environment, it can be viewed as a valuable re-
source. Some areas of use for this material have been de-
fined in the literature. These areas of service are classified
into three main categories.

« Engineering Applications: Coastal protection, flood
control, coastal embankment, etc.

o Environmental Development Practices: Coastal em-
bankment, creation and development of habitat, con-
servation of material resources, aquaculture and recre-
ation, use as an agricultural product, etc.

o Manufacturing or Agricultural Products: Concrete ma-
terial, brick, agricultural soil, etc. [5].

In the study conducted by Karadogan et al. [6], it is
shown that the materials obtained from the seabed dredg-
ing activities carried out in Tiirkiye can be used as filling
materials on highways. In their study, Ozer Erdogan and
Basar investigated the recovery of seabed dredging mate-
rial, coal fly ash, and waste-cast sand as light aggregate [7].
There are studies in which the solidification and removal of
the seabed dredging material by the dewatering method are
applied, and the results are evaluated from various opinions
[8-12]. In his study, McCafferty conducted a cost-benefit
analysis of the dewatering process using geotextile tubes
[13]. In a study by Pu et al. [14], they proposed an inte-
grated method for rapid dewatering and solidification of
dredged contaminated deposits with high water content.
Noe and Kim proposed the sustainable and beneficial use
of dredged materials in the Yangon River in Myanmar [15].
Karadogan et al. [16] conducted a study on the dewatering
of mine wastes with the help of geotextile tubes.

Value engineering has been applied to various con-
struction projects for many purposes, such as increasing
value, improving quality, shortening time, reducing cost,
increasing project efficiency, and ensuring sustainability
[17-22]. Value engineering has also been used to increase
the value of marine structures for various purposes. Kar-

kee et al. [23]'s study focused on different design concepts
defined and evaluated through interactive collaboration
between structural and geotechnical engineering disci-
plines before selecting design solutions that are ultimately
considered for constructing a ferry terminal. Caspe et al.
[24] conducted a study in which they benefited from value
engineering in the environmental planning project of the
Massachusetts Water Resources Authority for the MetroW-
est water supply tunnel.

This research delves into the application of Value En-
gineering within a Container Port Terminal project. Spe-
cifically, it examines the changes the Value Engineering
team implemented to enhance the value of materials ex-
tracted from the sea. The primary aim of these changes is
to streamline the project, reducing both time and costs.
Notably, the modifications are designed to ensure the envi-
ronmentally safe removal of these materials. The Container
Port Terminal project serves as a practical example where
the principles of Value Engineering are employed to opti-
mize processes and resource utilization.

2. MATERIALS AND METHODS

2.1. Value Engineering Method

Value engineering seeks to avoid unnecessary costs
when creating any product by examining its functions, de-
signing it, creating a production process, organizing and
managing the project, and eliminating components that are
neither technically necessary nor desired by the customer,
which drives up costs. It is a technique that aims to obtain
the most valuable solution by analyzing the designs, pro-
cesses, and specifications that can be obtained at the lowest
cost in a way that provides the optimum benefit for the cus-
tomer, removing the functions that are not needed from the
process, as well as adding the necessary ones to the process
if necessary [25].

The following is a list of the goals of value engineer-
ing, which refers to all of the research done by a multidis-
ciplinary/stakeholder team made up of individuals not on
the design team during the project's concept and design
phases [26]:

« Providing the necessary functions safely, reliably, effi-
ciently, and at the lowest cost.

« Increasing the value of the project.

o Reducing project completion time by using time effec-
tively.

o Ensuring that the structure has a longer life.

« Eliminate unnecessary costs.

o To use existing materials, human resources, and money
effectively and efficiently.

o Improve the quality of the project.

« Ensuring that the structure is more secure.

o Minimizing or even eliminating the mistakes and defi-
ciencies in the project's drawing.

« By analyzing the project processes, removing the func-
tions that do not contain value for the customer from
the process, determining the necessary functions, and
adding them to the process [27].
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o Revealing staff skills with teamwork, creativity, adapta-
tion, and psychological techniques.

o Apart from these, to produce value-based solutions to
any problem encountered by using various creativity
techniques.

To achieve these goals in Value Engineering, the pro-
cesses are carried out in a certain systematic way. It is clear
which techniques will be applied and the order in which
they will be used. All operations are carried out in an appli-
cation system called "Job Plan."

The concept of "value" expressed in value engineering
can be expressed with the following formulas [28]:

Value=Merit/Cost (1)
Value=Customer Satisfaction/Cost 2)
Value=(Initial Impact of User+Benefit from Goods)

(Initial Cost+Subsequent Pricing) (3)
Value=Functionality/Cost (4)
Value=Benefit (Function)/Cost (5)

In Value Engineering, the problem must first be clearly
defined. Once the problem is identified, a Value Engineer-
ing Team is created. If necessary, consultants can also be
used, depending on the size of the problem. This team de-
cides what criteria they should consider when solving the
problem. In other words, each stakeholder specifies their
expectations of the solution. Then, using various methods
of generating ideas, it is tried to produce as many alter-
native solutions as possible in a way that can meet these
criteria. These proposed solutions are evaluated in detail
regarding their advantages, disadvantages, technical feasi-
bility, and applicability. These evaluations are based on "val-
ue" through the abovementioned formulas. As a result, the
most valuable alternative ideas that can be a solution are
selected and implemented.

2.2. Dewatering and Reuse of Seabed Dredging Material

There are variations in needs and capacity increases due
to the growing global population and globalization. Like
in every other profession, transportation is one area where
these shifting needs are evident. Every day, not only land
transportation but also sea transportation evolves and ex-
pands. Maritime transportation is the method of moving
vast amounts of semi-finished, finished, and raw commod-
ities. In addition to freight transportation, it is also used in
passenger transportation, albeit limited. The sea route is
preferred when speed is not a factor because it can deliv-
er significant quantities of goods over great distances and
has a high degree of reliability while being slow [29]. This
increase in the reasons for preference causes an increase
in both the size and number of ships. As a result, all these
needs also affect marine structures, and building systems
large enough to meet the requirements is necessary. Large
marine systems require dredging the sea bottoms and exca-
vating and landing the materials there.

In addition, increasing urbanization and industrial ac-
tivities worldwide bring many environmental problems.
One of the most critical problems is the pollution caused
by waste sludge with high water content. To solve the pollu-
tion of seas and streams, waste sludge is extracted by bottom

dredging. Uncontrolled discharge of dredging sludge with
high water content obtained due to the dredging activity in
the oceans is the most common. It has been reported that
this situation harms the marine ecosystem [30]. In Tirkiye,
bottom sludge has been dredged to clean seas and streams in
recent years, and the materials with high water content ob-
tained are stored in predetermined areas or discharged back
to the sea [31]. It is of great importance that dredging sludge
and waste sludge are dewatered for transportation, storage,
and use in functional areas after extraction [32-34]. It will
contribute positively to the country's economy and envi-
ronmental health by applying dewatering effectively quickly
and minimizing the harmful chemicals in its content.

The use of geosynthetic and polyacrylamide in the de-
watering of waste materials with high water content is seen
by researchers as an effective and economical option [35-
37]. Geotextile tubes are tubular elements formed by as-
sembling and sewing geotextile rolls and have the strength
to hold relatively large amounts of water-saturated materi-
al. Geotextile tubes are porous, and when filled with a wa-
ter-saturated material or slurry, the solid part is retained,
and the water is filtered out of the pores of the geotextile,
forming the tube [38].

Dewatering seabed dredging material is critical for en-
vironmental preservation and sustainability. It is essential
to carefully consider both the application of the method
and the subsequent evaluation of the materials obtained. In
addition to all these, of course, the method to be chosen
should also be economical, provided that it meets specific
criteria. This study includes the changes the Value Engi-
neering team made to increase the value of the materials
extracted from the submarine in a Container Port Termi-
nal project without harming the environment and making
them reusable. By considering sustainability principles and
ensuring that the activities to be carried out do not nega-
tively impact the environment, the goal is to increase the
project value while reducing its duration and cost.

2.3. Time And Cost Optimization of Dewatering

Process in Container Port Terminal Project Using

Value Engineering Method

In this study, the value engineering studies for the time
and cost optimization of the Yarimca Container Terminal
Project, which was built in the Gulf of Izmit, and the de-
watering project of the seabed dredging material were ana-
lyzed, and Kayabas1 Aksu [39] explained this study in detail
in her master's thesis.

The project was built on an old porcelain factory site,
20 km from Izmit and 80 km from Istanbul. In addition,
the project is adjacent to Tiipras, Tiirkiye's largest refinery.
The total construction area is 504,883 m? and consists of
212,718 m? of land, 257,165 m? of sea (to be rehabilitated),
and 35,000 m? of previously rehabilitated areas.

Project: Separation of silt for re-filling the material
dredged from the sea.

Original Idea: Creating a clay pond, separating the ma-
terial, filling the loose sand into the reclamation area, and
removing the sludge material by sea.
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Value Engineering Recommendation: Pressing the
dredged loose sand directly into the breeding area, filtering
the material with geotextile tubes, and removing the mate-
rial by loading it on the pontoons.

2.3.1. Methodology

In project management, the anticipated and forecasted
durations of activities often experience extensions, mainly
when dealing with critical path activities. Such extensions
can subsequently impact the overall project completion
time. Beyond duration challenges, there are instances where
the allocated budget for specific activities proves inadequate
for their successful execution. To address these issues and
ensure both timeline adherence and budgetary compliance,
the application of the value engineering method emerges as
a highly suitable solution. This approach allows for strategic
modifications to the project to prevent delays and maintain
financial constraints within the defined budget limits.

One of the essential activities to be carried out in the
Yarimca Container Terminal Project, which is being built
in Izmit Bay, is the dredging and deepening the seabed to
increase the port capacity. Along with the issue of where
and how the material obtained from dredging the seabed
will be utilized, it is also essential to determine how long
and how costly this process will be carried out. In this proj-
ect, time and cost plans were made for each activity before
the construction started and then the construction started.

In the original project prepared for the separation of
the silt to use the material dredged from the sea in filling
again, there was the idea of "creating a clay pool, separating
the material, filling the loose sand into the breeding area,
and removing the sludge material by sea." This idea made
the time plan for the container port terminal project. It was
observed that the initially anticipated budget and the orig-
inally scheduled time for silt separation had been exceeded
one month after this method began to be implemented to
solve the silt separation problem. It has been established
that the silt separation activity is one of the crucial tasks in
the container port terminal project, so extending its dura-
tion will also lengthen the project's overall duration. When
there was a need to implement a different method to reduce
the project's cost and shorten the time, a value engineer-
ing team was formed, and this team started to produce new
ideas to achieve the specified goals. Among these ideas,
"Pressing the dredged loose sand directly into the breeding
area, filtering the material with geotextile tubes, loading the
barges and removing the material" was chosen as the most
appropriate method and decided to be applied.

In this project, when it was foreseen that the total
project completion time and the total budget would be
exceeded one month after the start of construction, it was
decided to conduct a value engineering study for the ac-
tivity "separation of silt in the dredged material from the
sea and reuse or removal of the material obtained" on the
critical path. For this purpose, the first thing to be done
to apply the value engineering method is to decide which
professional group should work together to realize the rel-
evant activity. Value engineering can only be done with

Figure 1. 3D view of the pools.

a team of stakeholders who can find the most optimum
solution according to the applicable criteria to produce an
appropriate solution to the relevant problem. In this study,
for this purpose, a team of people from many professional
groups who can make cost and time planning, who have
developed themselves in the selection of materials that
will not harm the environment and can be used in the
solution of the problem, and who can produce ideas were
formed and a time was set for this team to work. They
were asked to produce as many ideas as possible. The aim
expected from the solution is to produce ideas that can be
used for recycling the materials extracted from the seabed
without harming the environment as much as possible
and to obtain a solution with a lower cost and duration
than the original project. Among the suitable solution
ideas produced during this period, with the help of vari-
ous selection processes, the idea of "Pressing the dredged
loose sand directly to the reclamation area, filtering the
material with geotextile tubes, removing the material by
loading it on pontoons" was determined as the most suit-
able solution and it was decided to implement it.

2.3.2. Analysis of the Original Design

By dredging the loose sand at a depth of 2-3 m on the
surface of the sea area where the breeding area filling will
be made;

« No soil improvement is needed in most of the reclama-
tion areas.

« With the sand obtained from the dredge, the area creat-
ed as the second area was filled, and thus, the dredged
sand did not need to be removed and used in the filling
by bringing materials from the outside.

Before the dredging activities started, two temporary
pools were constructed on the Izmit side of the sea area.
The purpose of making these pools is to take the silty ma-
terial under the reclamation area before "Reclamation Area
2" is made and to minimize the possible settling of the rec-
lamation area in the future. Thanks to these two pools, sep-
arating the dredged material and using the sand and gravel
materials in the filling as recycling is planned.

The largest of the two pools to be created is 35,000 m’,
and the smallest has a capacity of 20,000 m® (Fig. 1).
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Figure 2. Overview of application 1.

Before the construction of the small pool was com-
pleted, 12 pipes were placed at three different elevations
to provide a connection between the two pools. The upper
width of the area, which is 620 m in length, was manu-
factured as 7 meters. The total material dredged from the
floor of this area was 35888 m’. An overview of Applica-
tion 1 can be seen in Figure 2.

It has been calculated that the material accumulated
in the temporary pool was 6137 m® waste silt. Due to the
mud consistency of the material, the material that could
not be sent to the dump site was mixed with the exca-
vation from another area in the project, and some of it
was sent to the dump site. However, 138.95 tons of un-
quenched limestone were thrown into the material with
high viscosity to reduce this rate and placed on hold. The
leftover lime dried the material in the pool. It wasn't,
however, sent to casting just yet. The channels for dry-
ing and resting the material were opened due to its high
fluidity. The collected water was then released from the
surface. After blending the slime silt that was still with-
in with the reclamation area material again, it was made
dense enough to be hauled by trucks using material gath-
ered from nearby excavations and then transferred to the
excavation. The embankment between the two pools was
demolished, channels were opened in the pool, and the
accumulated water was discharged. The delivery of the
material, whose fluidity decreased with the effect of the
season, took 132 days.

The materials, equipment, and manpower used in the
dismantling stages of the temporary reclamation area are as
follows (h: hour) (Table 1):

2.3.3. Cost Analysis of Original Design

The costs for separating the sludge material by creating
a 55,000.00 m’ clay pond and removing it by sea are given in
Table 2. While calculating the total costs of the workers and
machines in the tables, it is accepted that they work 8 hours
a day, and subcontractor costs are given in lump sums.

Table 1. Materials, equipment, and labor used in the dismantling of
the temporary reclamation area

Source Quantity Type
Tipper truck 894,48 h Machine
Hyundai 290 excavator 637,44 h Machine
Volvo 290 excavator 497,60 h Machine
Hidromek 370 excavator 554.00 h Machine
Short-sleeved JCB 162,00 h Machine
Long-sleeved JCB 150,00 h Machine
Disposal on land 46418,63 m* Transporting
Operator 150,00 h Employee
Hitachi excavator 22,00 h Machine
CAT 330 excavator 105,04 h Machine
CAT 96F loader 28,08 h Machine

The cost of transferring the separated loose sand to the
reclamation area is given in Table 3.

The cost of pressing the sludge material into the clay
pool with a pump, drying the pool with lime, and trans-
porting it to the dumping site by sea is given in Table 4.

The total cost summary of Application 1 is given in Table 5.

2.4. Analysis of Value Engineering Proposal

The value engineering team proposed several changes
to the original project to reduce the cost and duration of the
project. It was decided that the suggestion of "pressing the
dredged loose sand directly into the breeding area, filtering
the material dredged under the sea with a geotextile tube,
and removing it by loading it on the pontoons" was the most
appropriate among these solutions. The silt within must be
removed and returned to the seabed without endangering
the environment for components like sand and gravel from
the material taken from the seabed to be utilized once more
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Table 2. The clay pool cost of Application 1

Resource name Type Quantity Unit Unit price ($/h) Total price ($)
Plain worker Workmanship 57 Day 2.8 1276.8
Foreman Craft 19 Day 10,2 1550.4
Hitachi rental excavator Machine 5,84 Day 44.54 2080,91
Hitachi rental excavator diesel Machine 5,84 Day 33.13 1547,83
CAT 330 excavator rent and diesel Machine 7.19 Day 118 6787,36
Dozer D7 rent Machine 4,94 Day 28,35 1120,39
Dump truck rent Machine 30 Day 23 5520
Filling of suitable material Sub-contractor 39370,67 m’ 2 78741,34
Excavation of suitable material Sub-contractor 39370,67 m’ 2.3 90552,54
CAT 533 cylinder rent and diesel Machine 1 Day 56.6 452,80
Total 193085,83
Table 3. Cost of transferring loose sand to the reclamation area in Exercise 1

Resource name Type Quantity Unit Unit price ($) Total price ($)
Master Workmanship 389,24 Day 10.2/h 31761,98
Operator Workmanship 778,48 Day 3.5/h 21797,44
Hidromek 370 excavator rental Machine 170,95 Day 52/h 71115,20
Hidromek 370 excavator diesel Machine 170,95 Day 69,61 /h 95198,64
CAT 330 excavator Machine 104,36 Day 118 /h 98514,33
JCB loader 467 ZX depreciation Machine 2.95 m? 17 /m? 50,08

JCB loader 467 ZX oil Machine 2.95 Day 31,37 /h 739,23
Dozer-D6 rent Machine 63.44 Day 28,35 /h 14387,19
Dozer-D6 oil Machine 63.44 Day 42.80 /h 21720,35
Total 355284,44

in areas that require filling and in port development. Thus,
while increasing the sea depth where the port will be built
by removing material from the seabed, the material extract-
ed from it will be used again in the areas where it is needed.
The silt in the material extracted from the sea will be sep-
arated from other materials, poured back into the sea, and
disposed of without harming the environment.

Figure 3 shows the preparations made so that the slurry
material accumulated in the part indicated by the red line
can be dewatered and thrown out. The parts shown with
white arrows show the drilling work carried out.

To clean the sludge pool, the materials (toyo pump, 10"
and 6" hose, trailer, mineral, polymer, and sludge tubes) re-
quired for the dewatering process recommended by the val-
ue engineering team were brought to the site. The sequence
of operations of the dewatering method was as follows:

o Pulling the sludge from the pool with the toyo pump

« Transferring the sludge to the trailer with the help of 10"
and 6" hoses

o Mixing sludge with minerals and polymers in trailers

o Transferring the mixture to geotextile tubes with 6" hoses

« Filtration of water separated from the sludge precipitat-

ed in the tubes
o Removing the sludge from the site by opening the tubes

The materials brought to the site to clean the sludge pool
were prepared for dewatering. As the first process step, the
material was withdrawn from the pool at a flow rate of 350
m’/h with the help of a 110 kW toyo pump crane. For the
removed material to provide the desired decomposition,
the content of the material must be 90% water and 10% sol-
id (clay and silt). This ratio was obtained as a result of tests
performed in the laboratory. To adjust this ratio during
material pulling with the pump, the crane operator has a
monitor showing the amount and ratio of material pulled.
Thanks to this dredge, the operator has achieved the desired
ratio by moving the pump up and down in the water. The
material pulled in the desired proportions was transferred
to the trailer with 10" and 6" hoses. Tests were performed
in the laboratory to remove water from the sludge and al-
low the solid material to precipitate. As a result of these
tests, two different materials were determined as minerals
and polymers that provide optimum decomposition. The
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Table 4. In Application 1, the cost of pressing the sludge material into the clay pool and transporting the lime to the marine dumping area

Resource name Type Quantity Unit Unit price ($) Total price ($)
Dump truck rental Machine 93,92 Day 23/h 17281,35
Hyundai 290 excavator rental Machine 66.93 Day 37/h 19811,64
Volvo 290 excavator rental Machine 52,25 Day 37/h 15465,41
Hidromek 370 excavator rental Machine 58,17 Day 52/h 24198,72
JCB short-sleeve excavator depreciation Machine 17,01 Day 20/h 2721,60
JCB long-sleeve excavator depreciation Machine 15,75 Day 20/h 2520
Disposal on land Machine 39370,67 m? 11,14/m? 438589,26
Operator Workmanship 32.76 Day 3.5/h 917,28
Dump truck diesel Machine 93,92 Day 7,35/h 5522,52
Hyundai 290 excavator diesel Machine 66.93 Day 44.54/h 23848,93
Volvo 290 excavator diesel Machine 52,25 Day 33,13/h 13847,81
Hidromek 370 excavator diesel Machine 58,17 Day 69,61/h 32393,71
JCB short arm excavator diesel Machine 17,01 Day 50,82/h 6915,59
JCB long-arm excavator diesel Machine 15,75 Day 51.47/h 6485,22
Hitachi excavator rental Machine 2,31 Day 44.54/h 823.1
Hitachi excavator diesel Machine 2,31 Day 33,13/h 612,24
CAT 330 excavator rent and diesel Machine 11,03 Day 118/h 10411,56
Mud pump Machine 56 Day 36.12/h 16181,76
Quicklime Machine 627,52 Day 59,10/h 37086,43
CAT 966F loader rent and diesel Machine 2.95 Day 76.39/h 1801,83
Transportation to the marine dumping area Transporting 28000 Hour 5,69/h 159320
Total 836755,96
Table 5. Total cost of application 1 lumps while the water decomposes on the collapsed solid.
Cost ($) To see this separation again, the process can be repeated by
emptying the tube from the valve on the transparent tube.
Cost of the clay pond 193085,83 Geotextile sludge tubes coming to the site in rolls are rolled
The cost of pressing the sludge material into and laid to the places determined by the length of the supply
the clay pool and transporting the lime to hoses coming out of the trailer with manpower. When the ma-
the marine dumping area 83675596 terial is pressed into the laid tubes, the tubes are tied with rope
Cost of transferring loose sand to the from the binding ears on the tube to the vaults until the tubes
reclamation area 355284,44 reach a certain height to prevent the tubes from tilting to the
Total 1385126,23 right and left while displacing and inflating. There are four fill-

formation of flocculation in the material transferred to the
trailer was constantly controlled, and the mineral ratio used
accordingly was adjusted between 2 and 4 kg/ton DS (Solid
Matter). In addition, 0.5 to 1 kg/ton of polymer was used.
A sample assembly was installed in the system to control
the flocculation results instantly. This system consists of one
transparent tube and two valves (Fig. 4). The valve under the
transparent tube is opened to see the mixture coming from
the trailer, and the material is taken into the transparent
tube. If the desired flocculation is achieved, the solid mate-
rial collapses to the bottom of the transparent tube in small

ing chimneys on each sludge tube. These chimneys have a di-
ameter of 0.3 m and a length of 1.0 m. The supply pipe is fixed
to one of the filling chimneys with a suitable belt. The treated
slurry was filled into the tube utilizing 6" supply hoses using
these chimneys. From the moment the material is pressed into
the tubes, the solid (clay, silt) settles at the bottom of the tube
in the flocculated material, while the water remaining on the
surface drains out of the sludge tubes designed to provide fil-
tration. Drainage channels with a width of 60 cm and a depth
of 50 cm were opened around the sludge tubes to prevent the
drained water from dispersing into the field. The channels are
surrounded by a safety strip so that the opened channels do
not cause any accidents. With these channels, water discharge
is controlled without dispersing to the site.
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Figure 4. Flocculation instantaneous control.

Given that the volume of solids in the tubes rose once
they reached a height of one meter, compaction was per-
formed on the sludge tubes with a compactor to prevent
the clogging of the pores where the sludge filtering took
place and to ensure better water drainage. The filling and
compaction process of the tubes was continued until the
maximum height reached 2.10 m. When the height of
the sludge tube reached the maximum level, the process
of pressing material into the tubes was terminated, and
the tubes were left to wait for 10 days for final filtration.
During the final waiting period, samples were taken daily
from the filling chimneys in the tubes and checked. When
the samples taken at the end of 10 days were examined,
it was seen that the material in the tubes was suitable for
transportation. When the tubes became suitable for trans-
portation, they were cut and opened, controlled with a

snap blade. The removal of the resulting material from the

site took place in 4 stages:

« Loading the material into the truck with an excavator

o Unloading into the loading pond by trucks

o Uploading from the upload pool to split dump barge

« Discharging by ship to the previously designated site
After the tubes were opened, 600 m* of material came

out of each tube. The material coming out of the tubes was

loaded into the trucks with the help of an excavator. The

trucks unloaded the material into the loading pond. From

here, it was loaded onto the split dump barge with a long

boom excavator. Each sludge tube fills a split dump barge.

When the loading of the split dump barges was complet-

ed, the ship went to the discharge site and discharged the

material, and thus, the dewatered silt material was safely

removed from the site.
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Table 6. Cost of application 2

Resource name Type Quantity Unit price Total price ($)
Dump truck rental Workmanship 98,08 23/h 18046,72
JCB short-sleeve excavator depreciation Workmanship 49,04 20/h 7846.4
Hitachi Zaxis Long arm excavator Machine 49,04 35,83/h 14056,83
Destruction at sea Transporting 28000 5,69/h 159320
Geotextile subcontractor cost Sub-contractor 1 550000/1s 550000
Operator Workmanship 98,08 3.5/h 2746,24
Dump truck diesel Machine 98,08 7,35/h 5767.1
JCB short arm excavator diesel Machine 49,04 50,82/h 19937.7
Hitachi Zaxis Long arm excavator Machine 49,04 49,36/h 19364,92
Mud pump Machine 68,66 36.12/h 19838,84
Total 816924,75

Figure 5. Completed Yarimca container terminal project.

Since geotextile dewatering tubes are "disposable" mate-
rials, the remaining tube residues were disposed of accord-
ing to local regulations after the processed sludge was trans-
ported in a way that would not pollute the environment.

2.4.1. Cost Analysis of Exercise 2

As a result of the change proposed by the value engi-

neering team in the project, the cost of the application stag-

es of the method of dewatering and separating the sludge

material with geotextile tubes and removing the material by

sea is given in Table 6 (Is: Lump Sum).

The completed version of the Yarimca Container Termi-

nal Project can be seen in Figure 5.
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3. RESULTS

The benefits/results obtained as a result of the applica-
tions in the projects proposed by the original and value en-
gineering team are shown below:

The cost impact of:

o The total cost in Application 1 is 1,385,126.23 USD,

o The total cost of Application 2 is 816,924.75 USD,

The total cost difference between the two applications

was calculated as 568,201.48 USD. Hence, 42% savings

were made in terms of cost.

Time effect:

o In Application 1, creating a clay pool, separating the
material, filling the loose sand into the reclamation area,
and removing the sludge material by sea were calculated
as a total of 451 working days.

o In Application 2, it was planned to press the dredged
loose sand directly into the breeding area, filter it with
geotextile material, load it on the pontoons, and remove
the material for 359 days.

The time difference between the two applications was 92
days. 21% savings were made in terms of time.

Sustainability impact:

o With this application, the material dredged from the
seabed was cleaned from silts and used in backfilling
and other necessary construction activities at the port
in the project.

4. CONCLUSION

Because shipping is one of the most significant ways to
move vast quantities of semi-finished, finished, and raw
goods, both the size and number of ships in use have grown,
necessitating the construction of marine buildings that are
big enough to satisfy demand. Dredging the seabed and ex-
cavating and landing materials are additional requirements
for large marine buildings.

In this study, one of the stages of the Yarimca Contain-
er Terminal Project built in the Gulf of Izmit, the studies
carried out to separate the silt for refilling the material
dredged from the sea were examined. The value engineer-
ing studies carried out for the time and cost optimization
of the dewatering project of the seabed dredging material
were explained. During the port construction process, at-
ter the material is extracted from the sea, these materials
must be separated and removed from the area for reuse
without harming the environment. In this project, the
idea was "creating a clay pool, separating the material, fill-
ing the loose sand into the reclamation area, and remov-
ing the sludge material by sea" during the project's design
phase to separate the silt existing in the extracted materi-
als. The time and budget planning of the project were also
based on this idea. One month after the implementation
of this idea, it was understood that the initially estimated
budget and time limits were exceeded, and the total proj-
ect duration was prolonged since the activity containing
this idea was also critical. Therefore, in this process, a val-
ue engineering study has been carried out on the project,

and the need to shorten the cost and duration has become
indispensable.

As a result of their work, the value engineering team
concluded that the idea of "pressing the dredged loose sand
directly into the breeding area, filtering the material with
geotextile tubes, and removing the material by loading it on
the pontoons" is an appropriate method to both reduce the
cost and shorten the time within the framework of sustain-
ability principles without harming the environment. With
this method, it was ensured that the elements such as sand
and gravel in the material extracted from the seabed were
separated from the silt to be used again in places where
filling is needed and in port construction, and this silt was
transported to the seabed again without harming the envi-
ronment. Thus, while increasing the sea depth in the area
where the port will be built by removing material from the
seabed, the material extracted from the seabed was used
again where it was needed. The silt extracted from the sea
was separated from other materials, poured back into the
sea, and disposed of without harming the environment.

Although not implemented in this project, silt materi-
al, which is subjected to dewatering by means of geotextile
tubes in similar project applications, can be evaluated in the
cosmetics sector according to its content by performing the
necessary tests (silt can be used in the production of various
cosmetic products, including creams, lotions, gels, make-
up materials, and other).
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1. INTRODUCTION

ABSTRACT

The study evaluated and compared the influence of bitumen modification for sustainable as-
phalt using waste plastic (Polyethylene Terephthalate, PET) and waste Polystyrene (PS) at 5-50%
modification levels. Rice husk ash (RHA) and desilted sand were used as filler and fine aggregate
with crushed granite as coarse aggregate. Tests conducted include; penetration, viscosity, flash
point, fire point, specific gravity, ductility and marshal stability test on asphalt. For PET modi-
fied-binder a decrease in penetration and ductility was observed while the specific gravity, vis-
cosity, flash and fire points of the binder increased. For the PS modified-binder, the penetration,
ductility, viscosity and specific gravity decreased with an increase in PS while the flash and fire
point increased. Marshall Stability results showed an optimal of 20% PET modification was ade-
quate for medium traffic surfaing with stability, flow, density, air void, void in mineral aggregates
(VMA), and Void filled with binder (VFB) of 4875N, 3.53 mm, 2.460 g/cm?, 3.30%, 18.20%, and
81.87% respectively. For 10% PS modification content, the stability, flow, density, air void, void
in mineral aggregates (VMA), and Void filled with binder (VFB) were found to be 6825N, 3.33
mm, 2.362 g/cm?, 4.52%, 18.21%, and 75.18% respectively which was found to be adequate for
heavy traffic surfacing. Hence, it was concluded that the investigated waste plastics could be
used in Asphalt pavement courses. If applied, these results could provide low-cost materials for
paving roads while also reducing waste-related pollution and environmental issues.

Cite this article as: Ewa, D. E., Ukpata, J. O., Etika, A. A,, Egbe, E. A., & Iduku, A. O. (2024).
A comparative evaluation of the mechanical properties of PET and polystyrene modified as-
phaltic concrete containing rice husk ash filler. J Sustain Const Mater Technol, 9(1), 84-92.

are low. Furthermore, use and production of virgin plastics
are increasing. Therefore, a high proportion of plastic waste

The world has avoided paying close attention to the con-
sequences of rapid increases in plastic consumption for de-
cades. As a result, the ecosystem has been inundated by un-
precedented amounts of uncontrolled mixed plastic waste.
Plastics used in packaging make up nearly half of all plastic
waste globally Nchube et al. [1]. Plastic is a waste stream
with recycling and recovery potential, Babayemi et al. [2],
however, the recycling rates for plastic in African countries

*Corresponding author.
*E-mail address: desmondewa@crutech.edu.ng

is being disposed of in landfills and dumpsites. Plastic serves
as fuel for open burning at landfills/dumpsites with associ-
ated releases and constitutes a large fraction of marine litter,
making it a major and growing global pollution concern.
Plastics consumption increased globally from about 330
million tons in 2016 to over 367 million tons in 2020 [3], these
figures have increased over the past years. Combating the
threat of plastic trash pollution has turned into a global en-
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vironmental issue. Plastic pollution has the potential to harm
land, waterways, and oceans since a vast number of marine and
land organisms have died as a result of plastic's non-biodegrad-
ability and soil danger. Plastic wastes are also hazardous to hu-
man health since they may contain toxic acids that can cause
death Kehinde et al. [4]. It is not uncommon to encounter haze
and poor air quality because of the burning of solid wastes
(mostly plastic products) as a waste management method. It
has been found that the emissions of CO, from incinerators are
higher than those for coal, oil, or gas-propelled power plants.
Incinerators produce 210 different types of toxic compounds,
including mercury, fluorides, sulfuric acid, nitrous oxide, hy-
drogen chloride, and cadmium Bolden et al. [5].

The management of plastic waste in developing coun-
tries such as Nigeria is even more acute, where the infra-
structures for collection, reuse, and recycling is often in-
sufficient or lacking. For these countries, the development
of effective plastic waste management strategies is imper-
ative, and with such strategies geared towards addressing
the technological, economic, environmental, and political
challenges, Kehinde et al. [4].

Considering the enormous amount of construction
work done annually and the quantity of waste produced
each year, the concept of reusing and processing waste into
raw materials in the construction industry is gaining trac-
tion among engineers, researchers, and government bod-
ies. Past studies have tested the efficacy of different (Agro,
Industrial, Mining, etc) waste as partial or full replacement
of conventional construction materials. Results from such
studies have shown great potentials. For example, Rice Husk
(RH) is an abundantly available agricultural waste material
in all rice-producing countries containing about 30%-50%
of organic carbon Habeeb, and Mahmud [6]. When Rice
Husk is burnt in the ambient atmosphere to any tempera-
ture within the range of 225-500 °C, Rice Husk Ash (RHA)
is produced Kapur et al. [7]. The RHA has been researched
as a partial replacement of cement in concrete with results
showing it acted as a micro filler and enhancing cement
paste pore structure Beagle [8]. Arabani et al. [9] studied
the effects of RHA as an asphalt modifier on HMA using
bitumen blends containing 5%, 10%, 15%, and 20% RHA
modifier. The addition of RHA improved the rheological
properties of bitumen, according to the findings. The MS,
stiffness modulus, rutting strength, and fatigue performance
of asphalt mixes were also improved by RHA modification.
In an another study by Ewa et al. [10] the suitability of rice
mill wastes in asphaltic concrete was reported. Quarry dust
was partially and wholly replaced by rice husk and rice husk
ash as filler up to 100% replacement levels. It was concluded
that while, asphalt specimens with RH filler meets the re-
quirement for binder course, samples with RHA filler met
the requirement for both binder and waering courses.

One effective remedy to the problem of how to deal with
plastic waste is to recycle it as an alternative road construc-
tion material since it can be used as a binder extender in as-
phalt binder Jamshidi and White [11]. Zoorob and Suparma
[12] revealed that using recycled waste plastics materials
mainly composed of Low-Density Polyethylene (LDPE) in

Figure 1. PET/PS blocked drains.

bituminous mixtures resulted in a significant enhancement of
its stability i.e. approximately 2.5 times greater than the sta-
bility of the control mixtures and durability while decreasing
in density. In addition, the outcomes of the study showed that
the asphalt fatigue life of the modified mixtures was longer
than the control Casey et al. [13] studied the potential of re-
cycled polymer to modify binder. The results of the experi-
ments showed that 4% of recycled High-Density Polyethylene
(HDPE) in a pen grader binder can result in the most promis-
ing outcome and improve the properties of the binder.

Polystyrene is a type of plastic that has long been used in
packaging. Chemical recycling of discarded polystyrene into
the equivalent monomers or hydrocarbons has been used in
anumber of studies Sato et al. [14]. The process is inefficient,
however, because the cost of hydrocarbons and monomers
is minimal when compared to the cost of recycling Nassar et
al. [15]. As a result, finding an effective way to recycle waste
polystyrene is beneficial Imene et al. [16].

Mousa et al. [17] reported on the production of sus-
tainable asphalt mixes using recycled Polystyrene with the
objectives of studying the effects of polystyrene on prop-
erties of bitumen and to investigate the feasibility of using
the polystyrene as an additive to asphalt pavements. While
penetration and ductility decreased, viscosity and softening
point increased. The binder met the safety specifications for
flash and fire points. It was concluded that the PS-modified
binder had the potential of performing under hot climate
conditions and can be used for playgrounds, parking lots,
sidewalk pavements. Polystyrene in disposable food pack
was recycled by Murana et al. [18] as a modifier for Bitu-
men in Hot Mix Asphalt. DFP derived from home trash
was added to the bitumen in percentages of 2%, 4%, 6%,
8%, and 10%. DFP modified bitumen had lower penetra-
tion, ductility, and specific gravity, while its softening point
increased. According to the Marshal Stability data, the DFP
treated bitumen improved the stability value. It is recom-
mended that the DFP content of the Optimum Bitumen
Content (OBC) be 6.7 percent by weight.

A huge amount of plastic has infiltrated the Nigerian
technosphere, Babayemi et al. [19] with only about 12% of
the waste ending up in the recycling stream. This critical
waste and resource category requires long-term manage-
ment. Nigeria as a developing nation is currently faced with
the challenge of handling plastic waste disposal and man-
agement, see Figure 1. This current study seeks to evaluate
the comparative properties of eco-friendly and sustainable
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Figure 2. Particle Size Distribution curve of aggregate used.

asphalt having waste PET and PS as binder modififiers, rice

husk ash as filler and de-silted sand (sediment sand block-

ing drain channels) as fine aggregate. Utilizing these waste

will enhance cleaner engineering production of asphalt for

road surfacing. The objectives of the study includes:

« To investigate the influence of waste PET and waste PS
on the properties of modified binder.

« To investigate the influence of waste PET and waste PS
on the properties of modified asphalt.

o Compare the influence of the modified-binder on as-
phalt properties.

o Determination of optimal PET and PS content on mod-
ified Binder

2. MATERIALS AND METHODS

2.1. Materials

Materials used in this study were bitumen grade 60 /70
penetration, waste plastic bottles (PET) and waste polystyrene
(PS) as binder modifiers. Crushed granite with a size range of
5-15 mm was used as coarse aggregate, de-silted sand (sedi-
ment sand from gutters) was used as fine aggregate with a size
range of 0-2 mm and Rice Husk Ash (ASH) as filler.

2.2. Methods

The aggregates were subjected to sieve analysis, specif-
ic gravity, and aggregate impact value (AIV) in accordance
[20-22]. Figure 2 shows the particle size distribution curve
of the aggregate while Table 1 is comparison of test results on
aggregates with standards. The modified asphalt binders had
partial replacement of bitumen with PET and PS at 5%, 10%,
15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%. Penetration, vis-
cosity, flash point, fire point, specific gravity, and ductility

Table 1. Comparison of test results on aggregates with standards

Figure 3. (a, b) Experimental set-ups.

tests were carried out on the bitumen and the modified bind-
ers in accordance [23-27], see Figure 3a for experimental
set-up. In Table 2, the mix proportion for binder modifica-
tion is presented, while Table 3 shows the bitumen charac-
terization against Standards. The propotion for asphalt mix
design is shown in Table 4. Asphalt samples were prepared in
accordance with ASTM D6927-15 [28] and IRC: 111 [29]. To
determine the optimal bitumen content, a Marshall Stability
test using the set-up of Figure 3b, was performed for each
sample. The flow, bulk density, air void, void in mineral ag-
gregate (VMA), and void filled by bitumen (VFB) were mea-
sured and compared to Table 5's typical Marshall mix design
criteria. Equation 1 was used to estimate the Rigidity Ratio
(RR) or Marshall Quotient (MQ), which measures a mix's
resistance to permanent deformations and rutting.

()

3. RESULTS AND DISCUSSIONS

_ Stability

= Egn. 1
RR Flow 4

3.1. Modified Binder Properties

3.1.1. Penetration

The penetration behaviour of the modified binder is pre-
sented in Figure 4. The test result shows that the penetration
values of the PET-modified binder increased up to 5% PET
addition and thereafter, decreases as the polymer modifier

Property Limit Result obtained Code used Code specification
AIR % 14.7 BSEN 2620:2002 <30
Specific gravity (fine) - 2.74 ASTM C128:2015 2.6-2.9
Specific gravity (coarse) - 2.84 ASTM C128:2015 2.6-2.9
RHA - 2.11 ASTM C136 -

Table 2. Mix proportions for asphalt binder modification

Bitumen 100 95 90 85 80 75 70 65 60 55 50
% PET 0 5 10 15 20 25 30 35 40 45 50
% PS 0 5 10 15 20 25 30 35 40 45 50
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Table 3. Comparison of test results on pure bitumen with code specification

Test Unit Test method (ASTM) Code specification for 60/70 penetration grade Results obtained
Penetration@ 25 °C mm D5 60/70 69
Specific gravity@25 °C - D70 1.01-1.06 1.02
Flash and fire point °C D92 >250 262 and 285
Ductility@ 25 °C cm D113 >100 110
Viscosity@ 60 °C Seconds D4402 140-250 157
8o Ho
(a) (b) (c) —e—PET-Modified binder
70 8o i 03-Modified Binder
60 20 2 6o N +— PS-Modified Binder
2 50 _. 6o E 50
é 40 E 50 E 10
g Z 40 E an
-E 30 5 £ Jo
i":' 20 E 89 Z 20
< E 20 -4
g 10 5 10 10
% LIPS o
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35 40 45 50 55
% PET % Polystyr % Binder Modifier
% Polystyrene

Figure 4. (a) Influence of PET on modified binder Penetration, (b) influence of PS on modified binder Penetration, (c)

Comparative penetration curve.
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Figure 5. (a) Specific gravity of PET-Modified binder, (b) Specific gravity of PS-Modified binder.

increases. While the penetration of the PS-modified binder
decreased with the increase in PS content as observed by
Murana [18]. PET inclusion up to 15% gave acceptable pen-
etration values in line with [23], while PS up to 5% gave ac-
ceptable value. It was observed that the addition of PET up
to 5% makes the modified binder harder and more consis-
tent which can lead to the improvement of rutting resistance
of the mix, Esmaeil et al. [30] and Ramesh et al. [31]. From
Figure 4c, PET-modified binder is stiffer than PS-modified
binder within 0-40% binder addition, beyond this range,
both modifiers behaved in similar ways. It is common for
the consistency of modified asphalts to increase as a result
of the inclusion of polymers, which implies a high resis-
tance to deformation. This is most likely caused by swelling
of maltenes (the oil fraction of bitumen) diffusing into the
polymeric phase, as well as interactions between polar as-
phaltene molecules and polymer modifiers.

Table 4. Mix proportion used for asphalt

Type Size in mm % of constituents
Crushed sand 0-2 mm 59%
Crushed stone 5-10 mm 20%
Crushed stone 10-15 mm 10%
Filler 0-0.075 mm 5%
Bitumen - 6%

3.1.2. Specific Gravity

The specific gravity of the PET-modified binder increas-
es with the increase in the addition of the polymer as shown
in Figure 5, while, the specific gravity of the PS-modified
binder decreased with the inclusion of polystyrene Murana
[18]. PS is a lighter weight waste compared to PET. Up to
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Figure 7. (a) Influence of PET on Viscosity (b) influence of PS on Viscosity.
Table 5. Typical Marshall mix design criteria [28]
Description Base course Binder course Wearing course
Min. Max. Min. Max. Min. Max.
Marshall specimens (ASTM D6927) No. of comp.
Blows on each end of the specimen 75 75 75
Stability (N) 2224 3336 6672 -
Flow (0.25 mm) 2 14 2 14 2 14
VMA (%) 13 14 15 -
Air voids (%) 3 8 3 8 4 6
VFB (%) 70 70 70 -

50% inclusion of PET gave acceptable values as required by
[24]. Similar results were reported by Rahman et al. [32]
and Akinleye et al. [33].

3.1.3. Ductility

Ductility is responsible for the internal cohesion of
the binder. As seen in Figure 6, ductility decreased with
the addition of the PET and PS. At 5% binder modifi-
cation, PET-modified binder yielded acceptable ductil-
ity in line with [27] while PS-modified binder did not.
Modified binder has reduced internal cohesion, result-
ing in lesser binder content and causing less ability for
aggregates to adhere during asphalt mix. This mixture is
suitable for usage in hotter climates, particularly in areas
where temperature differentials are significant Akinleye
et al. [33].

3.1.4. Viscosity

Figure 7 presents the influence of the PET on binder vis-
cosity. The viscosity of the PET-modified binder increased
as PET was added, indicating improvement in the adhe-
siveness of the modified binder. Up to 50% PET inclusion,
viscosity values were within the specified limit in ASTM
D4402 [26]. It can be concluded that PET-modified binder
has higher workability than plain bitumen Akinleye et al
[33]. On the other hand, the inclusion of polystyrene de-
creased viscosity as seen in Figure 5b. The optimal level of
PS modification of binder is 20% while up to 50% PET ad-
dition, gave acceptable viscosity values as specified by [26].

3.1.5. Fire and Flash Point
The influence of polymer modification on the fire
and flashpoints of the modified binder is shown in Fig-
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ure 8. Fire and flashpoints increased with the increased 7000
addition of both PET and PS with values failing within
ASTM D 92 [25]. This implies a reduction in the risk of 6000
catching fire when the modified asphalt is being pro- | _ 5000
duced, with PET-modified binder having a better safety 2 4000
in terms of fire. g
Z 3000
3.2. Influence of PET and PS on Asphalt Properties “ 5000
-« -PS
3.2.1. Marshal Stability 1000
As seen in Figure 9, the stability of the modified as- 0
phalt increased with percentage of the modifiers up to 0 5 10 15 20 25 30 35 40 45 50 55

20% optimal replacement level. The stabilities for PET
and PS modified specimens at optimal modifier content
were found to be 4525N and 6215N respectively. Be-
yond 20% inclusion of the modifiers, stability declined to
2238N and 3005N at 50% replacement level for PET and
PS modified specimen respectively. While the stability
value for PS-modified asphalt satisfied the requirement
for wearing course (heavy traffic), PET-modified asphalt
meet the requirement for binder course (medium traffic)
[28]. The increased in stability of the modified asphalt
mixture can be explained as a result of better adhesion
development between asphalt binder and aggregate par-
ticles due to the addition of waste modifiers, Rasool et al.
[34]. Due to the high rigidity of the modified PET and PS
binder, the toughness and stability of the modified asphalt
improved Jegatheesan et al. [35].This results in increased
asphalt mixture strength, which helps to improve the as-
phalt mixture's stability.

3.2.2. Marshal Flow Values

The marshal flow value indicate asphalt deformation
at the point when maximum load occurs. From Figure 10,
the maximum flow value for both PET and PS modofied
asphalt were 3.53 mm and 3.62 mm respectively, at 20% op-
timal modifier conetent. These values are within acceptabe
flow values specified in [28]. Aliyu et al. [36] noted that a
reduction in flow suggests that the polymer content has in-
creased effects on the internal friction of the mix.

3.2.3. Bulk Density
Bulk density of the modified asphalt mixes increase
with the addition of modifiers as seen in Figure 11. PET-

% Binder Modifier

Figure 9. Stability of PET and PS modified asphalt.

Flow (0.25mm)
[39]

1.5 —&—PET
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Figure 10. Inflence of modifiers on Marshal flow values.

modified asphalt increased in density from 2.205 g/cm® at
0% modifier content to 2.46 g/cm® at 20%. Bulk desmity of
PS-modified asphalt increased from 2.205 g/cm?® at 0% to
2.374 g/cm’ at 15%.

3.2.4. Air Voids

The air void for the PET and PS modified asphalt de-
creased with increased in the modifier content (MC) as
seen in Figure 12. At 50% modifier conetent, airvoid for
PET and PS-modified mixes were found to be 3.15% and
2.45% repectively. The value for PET-modified asphalt
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Figure 13. Inflence of modifiers on voids in mineral aggregate.
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Figure 12. Inflence of modifiers on air voids.

is within the acceptable range for binder course while
PS-modified asphalt did not meet the air void require-
ment at 50% replacement level. At 20% optimal modifier
content, air void values were 4.3% and 3.95% for PET
and PS modified asphalt respectively. These air void val-
ues are within acceptable range for binder and wearing
course [28].

3.2.5. Voids in Mineral Aggregates (VMA)

In Figure 13, the influence of the modifiers on voids in
mineral aggregate is presented. The amount of void space
between the aggregate particles of compacted asphalt
(VMA) increased first to maximum values at 10% OMC,
then decreased sharply as the modifier content increased
to 20% MC for both PET and PS samples. VMA values for
both asphalt mixes satisfied the minimum requirements
of 14% and 15% for binder and wearing courses respec-
tively [28].

3.2.6. Voids Filled with Binder (VFB)

The result of VFB variation with PET and PS addition
can be seen in Figure 14. The maximum VFB values ob-
tained for PET and PS modified asphalt are 81.87% and
78.10% respectively both of which are greater than the min-
imum value of 70% recommended by [28].

0 5 10 15 20 25 30 35 40 45 50 55

% Binder Modifiers

Figure 14. Inflence of modifiers on voids filled with binder.
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Figure 15. Influence of binder modificstion of rigity ratio.

3.2.7. Rigidity Ratio (RR)

Figure 15 depicts the mix's resistance to permanent defor-
mations as evaluated by the Rigidity Ratio (RR) or Marshall
quotient. The highest RR of 1.48 KN/m? for PET modified as-
phalt occurred at 10% MC while that of PS modified asphalt
was 1.91 KN/m? at 25% MC. Rigidity ratio of PS modified
asphalt is higher than PET modified asphalt. In service, RR
values can be used to assess a material's resistance to shear
stress, permanent deformation, and rutting Aliyu [36].
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4, CONCLUSION

Waste management is a serious challenge in Nigeria
and other developing countries. Plastic bottles and waste
polystyrene being a major non-biodegradable waste. The
modification of bituminous binder for asphalt purposes
using waste plastic bottles (PET), waste Polystyrene and
waste rice husk ash was studied. De-silted sand (sediment
sand from gutters) was utilized as fine aggregate, reducing
the menance of flood innblocked concrete channels. Waste
rice husk ash served as asphalt filler. After comparing the
results, the following conclusion was made:

1. Both polymers modified binders fell within acceptable
ASTM Standards for use as asphalt paving materials.
Waste plastic bottle inclusion up to 15% gave acceptable
penetration values in line with ASTM Standard, while
polystyrene up 5% gave acceptable value.

2. While PET increases the specific gravity of the modified
binder, PS decreases the specific gravity of the modi-
fied binder. At 5% binder modification, PET-modified
binder yielded acceptable ductility while PS-modified
binder did not.

3. Viscosity increased with the PET modifier while it de-
creased with the PS modifier. The optimal level of PS
modification of binder is 20% while up to 50% PET
addition, gave acceptable results. PET-modified binder
has a better safety in terms of fire due to higher flash/fire
point temperatures.

4. Marshall Stability results showed an optimal of 20% PET
modification was adequate for medium traffic surfaing with
stability, flow, density, air void, void in mineral aggregates
(VMA), and Void filled with binder (VFB) of 4875N, 3.53
mm, 2.460 g/cm?, 3.30%, 18.20%, and 81.87% respectively.

5. For 10% PS modification content, the stability, flow, den-
sity, air void, void in mineral aggregates (VMA), and Void
filled with binder (VFB) were found to be 6825N, 3.33
mm, 2.362 g/cm’, 4.52%, 18.21%, and 75.18% respectively
which was found to be adequate for heavy traffic surfacing.
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