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1. INTRODUCTION

ABSTRACT

Conventional coarse aggregates, extracted from natural sources, pose environmental challenges
such as habitat destruction, resource depletion, and high energy consumption. To mitigate these
effects, this study prepared geopolymer aggregates (G.A.) using fly ash-GGBFS and an alkali ac-
tivator solution through pelletization. Furthermore, two aggregate drying methods, oven drying,
and ambient air drying, are adopted to evaluate their optimal performance through physical and
mechanical tests. The results Indicated that oven-dried geopolymer aggregates exhibited optimal
behavior in all experimental aspects compared to ambient air-dried aggregates. Specifically, the
80% fly ash-20% GGBFS mixed aggregates demonstrated lower crushing value (20.80%), impact
value (24.7%), water absorption (13.67%), and abrasion values (7.01%) than other mixes. No
considerable difference was observed in the density and specific gravity of aggregates between
the two drying methods. Subsequently, these aggregates were used as a 100% replacement for
conventional coarse aggregates in concrete, and the concrete's mechanical properties, such as
compressive, split tensile, and flexural strengths, were investigated. Please update the following
sentence in place of the highlighted sentence. The mix M3 (i.e., 80% fly ash-20% GGBFS mixed
aggregates incorporated concrete) showed superior performance and are considered the opti-
mum mix. Specifically, in the compressive strength results, the mix M3 showed a 26.31% and
14.28% strength increase compared to the 100% fly ash aggregates incorporated concrete mix in
oven-dried aggregates and ambient-dried aggregates incorporated concrete, respectively. The lin-
ear regression equation derived from the experimental results was used to predict the split tensile
and flexural strength, showing a good correlation between the experimental and expected results.

Cite this article as: Sonali Sri Durga, C., Venkatesh, C., Priyanka, M., Krishna Chaitanya, B.,
Rao, B. N. M., & Rao, T. M.. (2024). Synergistic effects of GGBFS addition and oven drying on
the physical and mechanical properties of fly ash-based geopolymer aggregates. ] Sustain Const
Mater Technol, 9(2), 93-105.

growth of the construction industry in the twenty-first century
has significantly strained the environment [3]. To address this

Concrete, the most commonly used construction material,  jssue, researchers have been working on developing sustain-
comprises aggregates and a cementitious matrix [1, 2]. The in-  able alternatives to natural aggregates for concrete production.
creasing demand for natural aggregates (N.A.) due to therapid ~ These alternative aggregates can help conserve natural resourc-
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es, reduce the need for landfills by utilizing industrial and ur-
ban waste products, and contribute to a more sustainable built
environment. A variety of grain-like solid wastes, such as re-
cycled aggregates [4], waste glass [5], and steel slag [6], have
been successfully used as alternative aggregates in concrete. As
research on these grain-like solid wastes has advanced, there
has been a growing interest in transforming powder-like solid
wastes into grain-like artificial aggregates [7, 8].

Artificial aggregate technology offers a promising solu-
tion to two major problems: the excessive excavation of nat-
ural rock sources and the accumulation of waste materials
[9]. This technology involves binding powder-like materials
together and allowing them to harden, resulting in the for-
mation of grain-like materials with desired aggregate sizes
[10]. Among the various types of lightweight aggregates,
sintered fly ash aggregates and cold-bonded cement-based
aggregates have shown superior performance. However,
the sintering method requires high temperatures ranging
from 1000 °C to 1200 °C, which results in significant energy
consumption and CO, emissions during the production of
solid and lightweight aggregates [11, 12]. In contrast, the
cold-bonding technique requires temperatures below 100
°C, consuming minimal energy and producing no CO,
emissions in the creation of aggregates [13].

The characteristics of artificial aggregates, including bulk
density and specific gravity, are influenced by various factors
such as the curing regime, binder content, sintering tem-
perature, and grain size [14]. Typically, artificial aggregates
exhibit a compacted bulk density below 2.0 g/cm® and a loose
bulk density below 1.2 g/cm®. Their oven-dry and saturated
surface-dried specific gravity range from 1.10 to 2.0 and 1.51
to 2.25, respectively. These properties classify them as light-
weight aggregates (L.W.A.) according to UNE-EN-13055-1
(2003) [15, 16]. Higher binder content and grain size increase
specific gravity and bulk density, while sintering at higher
temperatures (950 °C-1100 °C) decreases bulk density due
to bloating, moisture removal, and combustion of organic
materials [17]. Water absorption of artificial aggregates rang-
es from 0.7 to 32.8% for 24 hours of immersion, influencing
concrete workability [18]. Increased binder content, sinter-
ing temperature and duration, NaOH molarity, and Na,SiOs
content reduce water absorption by creating a denser micro-
structure [19, 20]. Two-step pelletization also decreases po-
rosity compared to single-step pelletization [17].

The crushing strength of aggregates depends on pelletiza-
tion factors, curing regime and age, binder content, density,
size, and shape. Higher binder content, curing age, pelletization
duration, and accelerated curing improve crushing strength
[21]. Smaller aggregates (4-12 mm) exhibit greater crushing
strength than coarser ones due to lower porosity [17, 22].
Surface treatment with soluble glass or water glass enhances
strength by promoting hydration and repairing surface cracks
[23, 24]. Sintering temperature, raw material composition, and
alkali activator addition also influence strength. Geopolymer
aggregates demonstrate enhanced strength through heat and
solution curing, with improvements observed in Na,O con-
tent, Na,SiO3-NaOH ratio, fluid-binder ratio, and molarity
[25]. The pelletized artificial aggregates exhibit sufficient im-

pact and crushing strength to meet the standards for structural
applications as outlined in 1.S.: 2386 (Part IV)-1963 [26].

Lightweight concrete (L.W.C.) made with sintered or al-
kali-activated artificial aggregates can achieve performance
comparable to normal-weight concrete (N.W.C.) [27]. The
compressive strength of L.W.C. is significantly influenced
by the properties of lightweight aggregates (L.W.A.), such as
porosity, specific gravity, crushing strength, water absorp-
tion, particle size distribution [28], as well as mix design
parameters and curing conditions [29, 30]. Mineral admix-
tures can enhance concrete's compressive strength through
pozzolanic and densification effects [31, 32]. However, con-
crete with artificial aggregates may have lower compressive
strength than N.W.C. due to the inferior properties of the
aggregates [33]. Concrete with sintered aggregates exhibits
higher strength than concrete with cold-bonded aggregates
due to the latter's higher porosity and lower strength [34].
Surface treatment of aggregates can improve concrete's
compressive strength by up to 30% [35].

Concrete's tensile strength is contingent upon various
factors, including the paste matrix, interfacial transition
zone (I.T.Z.), and the tensile properties of aggregates [36].
Longer curing durations and higher strengths of mortar and
aggregates typically result in increased tensile strength [37].
However, augmenting the volume of artificial aggregates may
lead to a decrease in tensile strength due to failures originat-
ing within the aggregates themselves. It's worth noting that
concrete's tensile properties rely more on mortar properties
than aggregates, as diametric tension tends to cause splitting
[38]. Comparatively, lightweight aggregates (L.W.A.) possess
smaller surface areas, less angular shapes, and lower surface
roughness, potentially leading to weaker aggregate transi-
tion zones when compared to normal-weight aggregates
(N.W.A.) [39]. The flexural properties of concrete mirror
split tensile strength, with matrix densification and reduced
volumes of artificial aggregates, improving flexural perfor-
mance. In lightweight concrete (L.W.C.), flexural properties
primarily hinge on mortar characteristics, with artificial
aggregates contributing minimally to flexural bending re-
sistance. For instance, an increased volume of mortar can
compensate for decreased aggregate volume, resulting in a
higher flexural elastic modulus during bending [40, 41].

In the context of the current research, geopolymer aggre-
gates (G.PA.s) have emerged as a notable choice among vari-
ous artificial aggregate options, including sintered aggregates
and cold-bonded cement-based aggregates. G.P.A.s are favored
for their lack of cement, minimal energy requirements during
production, and exceptional capability to immobilize heavy
metals. The development of geopolymer aggregates offers
several advantages over traditional artificial aggregates. First-
ly, the output of G.P.A.s does not require the use of cement,
which significantly contributes to greenhouse gas emissions.
By eliminating the need for cement, G.PA.s can help reduce
the carbon footprint of the construction industry. Secondly,
the production of G.P.A.s consumes less energy compared to
other artificial aggregate types, such as sintered aggregates,
which require high-temperature processing. This lower en-
ergy consumption further enhances the environmental sus-
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Table 1. Chemical characteristics (weight (%)) and physical characteristics of binders

Material Fe,0,* CaO* SiO)* ALO* MgO* NaO* SO* KO* LOI* Specific Specific surface
gravity (m?/g)
Cement 3.12 65.15 21.47 4.16 1.97 0.63 1.96 1.01 0.53 3.10 1.2
Fly ash 4.56 3.87 58.23 26.05 1.21 0.41 1.16 0.87 3.64 2.39 5.12
GGBS 2.06 44.7 32.25 12.14 4.23 0.87 0.84 - 291 2.86 6
NaOH
Pellets NaOH Pellets 8M NaOH Solution .
with Distilled e
Water + —
-
m Alkali Solution
- .
i e L
.
Na,SiOzSolution

Figure 1. Preparation of Geopolymer/Alkali solution.

tainability of G.P.A.s. The drying method of the geopolymer
aggregates plays a vital role in their physical and mechanical
performance. Unfortunately, limited literature is available on
the effect of drying methods on the mechanical and physical
performance of G.P.A.s. Considering the research significance
mentioned above, G.P.A.s were used as 100% replacement
for the normal coarse aggregates in concrete, and their me-
chanical characteristics were evaluated. Furthermore, linear
regression was performed using the experimental results, and
prediction analysis was carried out using this equation.

2. MATERIALS AND METHODS

2.1. Materials

The cement used in this study was Type I Ordinary Port-
land cement conforming to ASTM C150 [42]. It was pro-
cured from a local supplier, Mahashakthi Cement Dealers,
in 50 kg bags. The chemical and physical properties of the
cement, provided by the manufacturer, are presented in Ta-
ble 1. Similarly, two Supplementary Cementitious Materials
(S.C.M.s) were used as raw materials for geopolymer ag-
gregates preparation - Class F fly ash, confirming to ASTM
C618-22 [43], and ground granulated blast furnace slag
(GGBES), conforming to ASTM C989 [44]. The fly ash was
procured from Vijayawada Thermal Power Plant, and the
GGBFS was obtained from Visakhapatnam Steel Plant, both
in 50 kg bags. Their chemical and physical compositions are
provided in Table 1. The alkali activator solution was pre-

—o—Fine aggregates ~a-Coventional Coarse aggregates

—e—Geopolymer aggregates

100 L 4
G 920 i
g, Pl
2 7 4
= 70
2 & /- /]
g o / $/
2w = I/
5w /
E Ll
3 10 L o1

0 /»’ _/ A

01 1 10 100

Sieve size (mm)

Figure 2. Grading curves of aggregates.

pared in the laboratory by mixing analytical-grade sodium
silicate (Na,SiO,) and 8M sodium hydroxide (NaOH) solu-
tions in a 1:1.5 ratio, as shown in Figure 1, and was used
as an adhesive. Moreover, the molar ratio of SiO,/Na,O in
the sodium silicate solution is maintained at 2 (i.e., SiO,/
Na,0=2). Locally available river sand and crushed granite
stones were used as fine and coarse aggregates, respective-
ly. The specific gravity, water absorption, gradation, and silt
content were determined as per IS 383-2016 [45] and were
within permissible limits. The sand had a specific gravity of
2.65, water absorption of 1%, and fineness modulus of 2.7.
The coarse aggregate had a specific gravity of 2.8, water ab-
sorption of 0.5%, and sizes ranging between 4.75 mm and
20 mm. Figure 2 depicts the grading curve for aggregates.
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Figure 3. Preparation of Geopolymer aggregates
Table 2. Mix calculations for aggregates preparation (kg/m®)
Aggregate mixes Flyash GGBFS NaOH NaSiO, Geopolymer Thesolutionto  Alkaline ratio Molarity of
solution binder ratio  (NaOH/Na,SSiO,) geopolymer solution
100% FA 962 - 11544 173.16 288.6 0.3 1:1.5 8
90% FA+10% GGBFS ~ 865.8 962 11544 17316 288.6 0.3 1:1.5 8
80% FA+20 GGBFS 769.6 1924 11544 173.16 288.6 0.3 1:1.5 8

2.2. Experimental Methods

2.2.1. Pelletization

Geopolymer aggregates were manufactured utilizing
a disc pelletizer set at a speed of 40 rotations per minute
and an angle of tilt of 45°. A mixture of fly ash and GGBS
was introduced into the pelletizer (Table 2), and the disc
was rotated for 3 to 5 minutes before adding half of the
solution to the binder. Rotation persisted for an additional
3 to 5 minutes. Throughout the pellet formation process,
an alkaline solution was continuously sprayed onto the
binder materials, facilitating accumulation [17]. Once the
fresh pellets were formed, they underwent drying. Am-
bient-dried aggregates were exposed to standard atmo-
spheric conditions at 25+2 °C.

In comparison, oven-dried aggregates were placed in an
oven chamber set at 60 °C for 12 hours, then allowed to
cool to ambient temperature. A schematic representation of
the geopolymer aggregate production process is depicted in
Figure 3. The resulting geopolymer aggregates exhibited a
rounded shape, as shown in Figure 4. The efficiency of geo-
polymer aggregates is measured in terms of the weight per-
centage of aggregates retained on the 4.75 mm sieve [46].
In the present study, approximately 80% of the prepared
geopolymer aggregates were retained on the 4.75 mm sieve.
Hence, the efficiency of aggregate production is 80%. The
following Eq.1 is used to calculate the efficiency of geopoly-
mer aggregates.

Efficiency (n)=(weight of aggregates retained on the 4.75
mm sieve/total weight of aggregates produced)x100. (Eq.1)

2.2.2. Physical Tests on Aggregates
Aggregate Impact Value (A.LV.), Aggregate Crushing
Value (A.C.V.), and Aggregate Abrasion Value (AAV) are

10to16 mm | 4.75t0o 10 mm
O b

i ‘www‘)

da

Figure 4. Geopolymer aggregates with rounded size.

measures of the resistance of an aggregate to crushing, im-
pact, and abrasion, respectively, and are conducted as per
1.S.: 2386 Part IV [47]. In the A.C.V. test, the aggregate
sample is filled in a cylindrical steel mold and subjected
to a compressive load of 40 tonnes for 10 minutes, and the
percentage of crushed aggregate passing a 2.36 mm sieve
is reported. In the A.LV. test, the aggregate sample is sub-
jected to blows from a hammer falling from a height of 380
mm, and the percentage of fine particles passing a 2.36 mm
sieve is reported. In the AAV test, the aggregate sample is
placed in an abrasion testing machine with steel balls and
subjected to spinning, and the percentage of wear due to
friction is reported. Specific Gravity, Bulk Density, and Wa-
ter Absorption are measures of the density, weight per unit
volume, and amount of water that an aggregate can absorb,
respectively. They are conducted as per 1.S.: 2386 Part III
[48]. In the Specific Gravity test, the aggregate sample is
dried, weighed, immersed in water, and weighed again. The
ratio of the weight of a volume of aggregate to the weight
of an equal volume of water is calculated. In the Bulk Den-
sity test, a cylindrical container is filled with an aggregate
sample in three layers. Each layer is subjected to 25 strokes
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Table 3. Mix calculations for concrete (kg/m?)
Drying Mix ID MixID Cement Fine Coarse  Geopolymer Water Water cement
condition aggregate  aggregates aggregate ratio
C.CA. Conventional coarse aggregates ~ CCA 42532 596 835.64 - 191.39 0.45
Oven-dried 100% EA. M1 425.32 596 - 835.64 191.39 0.45
90% FA+10% GGBES M2 42532 596 - 835.64 191.39 0.45
80% FA+20 GGBFS Ml 425.32 596 - 835.64 191.39 0.45
Ambient dried 100% EA. Ml 425.32 596 - 835.64 191.39 0.45
90% FA+10% GGBFS M2 425.32 596 - 835.64 191.39 0.45
80% FA+20 GGBFS M3 425.32 596 - 835.64 191.39 0.45

from a tamping rod, and the mass of aggregates divided by
the bulk volume is calculated. In the Water Absorption test,
the oven-dried sample is immersed in water for 24 hours,
removed, wiped, and weighed, and the increase in weight
over dry weight divided by dry weight is expressed as water
absorption.

2.2.3. Mix Calculations and Sample Preparation

Concrete cubes measuring 150 mm x 150 mm x 150 mm
were prepared with a target 28-day compressive strength of
40 MPa as per mix design requirements, as shown in Table
3. The mix proportions and mixing methods followed IS
10262-2019 [49]. Cube specimens were demoulded after 24
hours and subjected to standard moist curing as per IS 516-
1959 [50] in curing tanks at 27+2 °C for 7 and 28 days. For
the experimental studies, a total of 210 samples were tested.

2.2.4. Compressive Strength

Compressive strength testing was conducted according
to the specifications outlined in IS 516-1959 [50-52], utiliz-
ing a compression testing machine with a capacity of 2000
kN. The cubes underwent a cleaning process to remove any
loose sand or particles, ensuring accuracy in the test results.
Subsequently, they were positioned in the testing machine
in a manner where the load was applied to the opposite
sides of the 150 mm edge, and the axis of the specimen was
meticulously aligned with the center of thrust. The load was
then gradually applied at a steady rate of approximately 140
kg/cm2/min until failure occurred. Figure 5 provides a vi-
sual representation of the compressive strength test setup.

2.2.5. Split Tensile Strength

Concrete cylinders of 150mm diameter and 300mm
height were prepared as per the mix proportions and cur-
ing method outlined in IS 516-1959 [50]. After 28 days of
standard moist curing, the cylinders were tested for split
tensile strength as per IS 5816 [53]. The cylinder specimen
was placed horizontally between the loading surfaces of a
2000 kN capacity compression testing machine, and the
load was applied without shock at a steady rate of 1.4 MPa/
min. The alignment was adjusted so that the line of fracture
was vertical and centered. The test was carried out until
failure, and the maximum load at failure was recorded. Fig-
ure 6 illustrates the experimental photograph of the split
tensile strength test.

Figure 5. Experimental photograph of compressive strength
test.

2.2.6. Flexural Strength

For testing flexural strength, five beam specimens of 500
mm x 100 mm x 100 mm dimensions were prepared and moist
cured for 28 days as per IS 516 [50-54]. The test procedure
followed IS 516 specifications using a 200 kN capacity flexural
testing machine. The beam was placed horizontally on rollers
spaced 300 mm apart. Two point loads were applied at 180 mm
center-to-center distance until failure occurred. Figure 7 illus-
trates the experimental photograph of the Flexural Strength
Test—eq. 1 used to calculate the flexural strength of concrete.

Flexural strength (F )= PL/bd’ Eq.1

P=Load applied to the beam at the two points (in New-
tons, N)



98 J Sustain Const Mater Technol, Vol. 9, Issue. 2, pp. 93-105, June 2024

Figure 6. Experimental photograph of Split tensile strength
test.

L=Span length (distance between the supports) (in mil-
limeters, mm)

b=Width of the specimen (in millimeters, mm)

d=Depth of the specimen (in millimeters, mm)

2.2.7. Linear Regression Analysis

In this study, linear regression analysis was used to de-
termine the relationships between compressive strength,
split tensile strength, and flexural strength [55, 56]. Using
the derived equations, the split tensile and flexural strength
values were predicted from the compressive strength data.
These predicted values were then validated against the ex-
perimental results.

3. RESULTS AND DISCUSSION

3.1. Effect of GGBFS Addition and Drying Methods

on Aggregate Properties

The aggregate crushing value was reduced from 25.84%
to 20.8% for oven-dried and 29.5% to 26.04% for ambient
air-dried mixes with 20% fly ash replacement by GGBFS (Ta-
ble 4). The lowered fragmentation under compressive loads
indicates improved aggregate strength and resistance capac-
ity due to GGBFS incorporation [57-59]. This enhancement
can be attributed to the higher reactivity of Ca-rich GGBFS,
which promotes the formation of a dense and well-polym-

Figure 7. Experimental photograph of Flexural strength
test.

erized aluminosilicate gel network (as shown in Figure 8a),
resulting in superior mechanical performance [17]. Simi-
larly, the impact values decreased from 26.8% to 24.7% for
oven-dried and 30.73% to 27.49% for ambient dried aggre-
gates with 20% GGBFS addition. The drop in fine formation
during sudden impact demonstrates better bonding of the
aggregate matrix particles [60]. The abrasion values also fol-
lowed a declining trend with GGBFS replacement due to im-
proved cohesion. The water absorption substantially reduced
from 10.39% to 7.01% for oven-dried and 14.52% to 10.61%
for ambient dried aggregates as GGBFS was increased to
20%. The refined pores and discontinuities with the Ca-rich
gel formation lead to lowered permeability and sorptivity
[17]. The bulk density showed marginal improvements with
denser aggregates. Overall, the addition of 20% GGBEFS re-
sulted in significant enhancements in strength, resistance to
attrition, and durability properties of the fly ash-based geo-
polymer aggregates, meeting the I.S. code limits. This estab-
lishes the positive influence of GGBFS addition through the
synergistic effects of Ca-rich gel formation.

Ambient air-dried aggregates showed inferior proper-
ties across all mix variations compared to oven-dried aggre-
gates. The crushing, impact, and abrasion values were con-
siderably higher for ambient dried aggregates. For example,
the 80% fly ash - 20% GGBFS ambient dried mix exhibited
26.04% crushing compared to 20.8% for the oven-dried
mix. This indicates additional microcrack formation from
relatively slower moisture removal in ambient drying. Sim-
ilarly, the water absorption of ambient-dried aggregates
was higher, signifying increased porosity. The abrupt water
evaporation in oven drying enables efficient moisture re-
moval without damage to the aggregate structure.

On the contrary, ambient drying leads to weaker bonds
by promoting shrinkage cracks. The specific gravity and
density did not show any significant differences between
oven-dried and ambient air-dried aggregates. However, the
slower drying rate in ambient conditions ultimately affects
the strength characteristics and resistance to fragmentation
through microcrack development. In summary, oven drying
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Figure 8. (a) S.E.M. of 80% F.A. + 20% oven-dried GGBFS geopolymer aggregates. (b) SEM of M3 concrete mix.

Table 4. Properties of aggregates

Test CCA IS 2386 limits Oven dry Ambient dry
M1 M2 M3 M1 M2 M3
Aggregate crushing value (%) 19.37 <30% 25.84 24.73 20.8 29.5 27.32 26.04
Aggregate impact value (%) 21.64 <30% 26.8 254 24.7 30.73 28.25 27.49
Abrasion value (%) 11.34 <3 0% 15.34 14.02 13.67 22.76 18.64 16.52
Water absorption (%) 5.34 <30% 10.39 8.46 7.01 14.52 13.05 10.61
Specific gravity 2.62 2.1-3.2 1.89 191 1.97 1.85 1.85 1.87
Bulk density (kg/m?®) 1556 1200-1750 962.30 969.36 969.52 961.42 964.31 958.27
enables rapid and uniform moisture removal without crack- 7o =Oven dried = Ambient dried
ing, thereby showing consistently better properties over | &
ambient air-drying for all aggregate mixes. The 80% fly ash % 60
- 20% GGBFS geopolymer aggregate mix with oven-drying ‘g', 50
methodology showed the most optimal performance. 24
@ 30
o

3.2. Effect of GGBFS Addition and Drying Methodon | -2 5

Compressive Strength 2 10

As evident from Figure 9, the compressive strength in- g0
creased with higher GGBEFS content in the geopolymer ag- 3 CCA M1 M2 M3
gregate (G.A.) mixes for both oven-dried and ambient air- Aggregate Mixes

dried aggregates. The 80% fly ash - 20% GGBFS oven-dried
Geopolymer aggregates incorporated concrete mix exhib-
ited the maximum compressive strength of 44.64 MPa,
showing 26.31% and 14.28% strength enhancements over
the 100% fly ash G.A.s concrete for oven-dried and ambient
dried samples respectively. The strength improvement is at-
tributed to the higher reactivity of Ca-rich GGBES, which
promotes the formation of additional strength-contributing
C-A-S-H gels along with the N-A-S-H gels from fly ash [61,
62]. The increased production of cementitious gel binds the
aggregates strongly, contributing to superior load-bearing
capacity. Moreover, The oven-dried G.A. incorporated con-
crete mixes have showed consistently higher compressive
strengths over ambient air-dried G.A. concrete across all
aggregate mixes. For instance, the concrete mix with 80%

Figure 9. Compressive strength results.

fly ash and 20% GGBFS mixed aggregates had 13.3% great-
er strength in the oven-dried GA concrete mix compared
to the ambient-dried GA concrete mix. This correlates to
the denser aggregate structure from uniform, rapid oven
drying, which translated to stronger interfacial transition
zones (as shown in Figure 8b) and enhanced stress transfer
efficiency in concrete [63].

In contrast, improper moisture removal during ambient
air-drying could have led to weaker 1.T.Z.s due to drying
shrinkage. Slower drying also enables eftlorescence forma-
tion, which increases porosity. Hence, as observed from the
results, oven-dried G.A.s showed substantially better strength
performance than ambient-dried G.A.s. In summary, GGBFS
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Figure 10. Split tensile strength result.
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Figure 11. Flexural strength result.

addition enhances the compressive strength of G.A. concrete
by promoting additional gel formation. At the same time,
the oven drying method enables superior strength through
a denser aggregate structure devoid of shrinkage cracks (as
shown in Figure 8b). The 80% fly ash - 20% oven-dried GGBFS
GA incorporated concrete mix showed the optimum results.

3.3. Effect of GGBFS Addition and Drying Method on

Split Tensile Strength

As observed in Figure 10, the split tensile strength in-
creased with higher GGBFS replacement in the geopoly-
mer aggregate (G.A.) mixes, similar to the compressive
strength trends. The concrete with 80% fly ash and 20%
GGBFS mixed oven-dried aggregates exhibited a maximum
split tensile strength of 4.7 MPa, showing enhancements
of 29.46% and 21.67% over the 100% fly ash Geopolymer
aggregates for the oven-dried and ambient air-dried aggre-
gates, respectively. The greater production of cementitious
C-A-S-H and N-A-S-H gels owing to GGBFS supplemen-
tation results in superior binding efficiency, which enables
the concrete to resist better tensile cracking and opening
of voids under the applied loads [61, 62]. This manifests as
improved tensile strength. Moreover, the accelerator role
of calcium facilitates geopolymerization, leading to refined
microstructure and enhanced performance.

Additionally, oven-dried G.A. concrete showed consis-
tently higher split tensile strengths over ambient air-dried
G.A. concrete for all mixes. The 13-16% greater strength of
oven-dried aggregates indicates the positive effects of con-
trolled drying in facilitating stronger 1.T.Z.s, allowing effi-
cient transfer of stresses without crack propagation through

[<2]

Csr = 0.0039C 8593
R? = 0.8898

(&

EN
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Figure 12. Regression analysis of compressive strength with
split tensile strength.

the cross-section under tension [63]. In contrast, ambient
drying leads to drying shrinkage cracks and poor bonding
between aggregate and paste, lowering the tensile resistance
[64]. The split tensile strength trends thus complement the
compressive strength patterns, affirming the synergistic
benefits of GGBFS incorporation and oven drying method-
ology in improving the strength attributes. The 80% fly ash
- 20% GGBFS oven-dried G.A. demonstrated the optimal
results meeting the target mean strength.

3.4. Effect of GGBFS Addition and Drying Method on

Flexural Strength

The flexural strength increased from 4.33 MPa (Mix M1)
to 5.1 MPa (Mix M3) for the oven-dried aggregates incorpo-
rated concrete mix and from 3.72 MPa to 4.22 MPa for the am-
bient air-dried geopolymer aggregate (GA) incorporated con-
crete mixes, as shown in Figure 11. The increment aligns with
the formation of additional C-S-H gels (as shown in Figure
8b) owing to the higher reactivity of Ca-rich GGBFS, which
enhances the load-bearing capacity [64]. As elucidated by Si-
tarz et al. [65], calcium modification disrupts aluminosilicate
networks, facilitating increased dissolution and polyconden-
sation, yielding semi-crystalline reaction products. This accel-
erated geopolymerization process aided by GGBFS produces
a refined microstructure with superior inter-particle bonding
strength, enabling enhanced resistance to bending stresses and
cracks. Moreover, the release of Ca** ions further promotes the
clay solubility and decomposition of mullite phases in fly ash,
aiding better geopolymeric gel formation [66]. These synergis-
tic effects facilitate notable improvements in flexural perfor-
mance with GGBFS addition, as reflected in Figure 11.

The oven-dried G.A. concrete showed 12-15% high-
er flexural strength relative to ambient air-dried concrete
across the different aggregate mixes (Fig. 11). The substan-
tial enhancement highlights the significant impact of con-
trolled drying in achieving consistent moisture removal
without microcracking. This produces stronger transition
zones between the aggregate and binder matrix (as shown
in Figure 8b). Meanwhile, variable drying rates can induce
stresses in ambient drying, causing shrinkage cracks that
weaken the I.T.Z.s [63, 64]. Barbarey et al. [67] also report-
ed a 10% drop in strength for ambient dried geopolymer
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concrete compared to oven drying, which was attributed to
cracking effects that influence flexural capacity.

3.5. Compressive Strength-Split Tensile Strength

Correlation

A strong positive correlation (R*=0.906) was obtained
between the compressive and split tensile strength of geo-
polymer aggregates-based concrete prepared with varying
GGBFS content and drying methods (Fig. 12). The split ten-
sile strength increased concurrently from 3.63 MPa to 4.7
MPa as the compressive strength improved from 39.37 MPa
to 44.64 MPa for oven-dried aggregates. The proportional
enhancements are related to the comparable influences of
GGBFS addition and controlled oven drying in refining the
microstructure and paste-aggregate interfacial bonding [63].
The Ca-rich GGBFS promotes the dissolution of fly ash par-
ticles, aiding geopolymerization, which, along with the rap-
id, uniform drying, results in stronger transition zones be-
tween the two phases. This manifests as enhanced efficiency
in transferring stresses under both compression and tension
without crack initiation and propagation through the matrix
[66]. Moreover, factors like the reduction in flaws and unre-
acted fly ash particles, which improve the compressive resis-
tance by minimizing stress concentration sites, also raise the
tensile strength by impeding crack propagation [68].

3.6. Compressive Strength-Flexural Strength Correlation

The compressive strength variations were also strongly
correlated (R?=0.898) with the flexural strength improve-
ments between 3.72 MPa and 4.87 MPa for the geopolymer
aggregates-based concrete (Fig. 13). The analogous effects
of Ca-rich gel production from GGBES and controlled oven
drying in strengthening the paste matrix and aggregate inter-
action enhanced both capacities. The reduction in porosity
refined the microstructure and improved inter-particle bond-
ing while mitigating stress concentration sites. This mecha-
nism simultaneously elevated the compressive and flexural
strengths by delaying fracture under the respective loading
scenarios. Additionally, the factors enhancing compressive
resistance, like the decline in unreacted fly ash content and
densification, aided superior flexural resistance by impeding
crack initiation and propagation through the depth. Thus, the
excellent correlation verifies that the strengthening mecha-
nisms influencing both properties are interrelated.

3.7. Prediction of Split Tensile Strength

The experimental compressive strengths exhibited
a strong linear correlation (R*=0.906) with split tensile
strengths for geopolymer aggregates incorporated concrete

Table 5. Predication of split tensile strength and flexural strength

[=2]

Crs= 0.0674CS11373

R2=0.8338 +

(8]

“®

w
e
g4 r/
o s = 0.7636CS04522

o3 R?=0.6224
=

n + Oven dried

€2« Ambient dried

X
K ——Power (Oven dried)
w1

———Power (Ambient dried)
0
30 35 40 45 50

Compressive strength (Cg)

Figure 13. Regression analysis of compressive strength with
flexural strength.

containing varying fly ash-GGBFS aggregate mixes and
drying methods (Fig. 12). Leveraging this relationship, the
regression equation derived was utilized to predict the split
tensile strength values, which showed good agreement with
experimental results, with variations within 1-3% (Table 5).
For instance, the 100% fly ash based oven-dried geopolymer
aggregates incorporated concrete showed only a 3.31% de-
viation between the experimental (3.63 MPa) and predicted
(3.61 MPa) split tensile strengths. This concurrence veri-
fies that the microstructural enhancements increasing the
compressive strength, such as gel enrichment and reduced
porosity, boost the tensile resistance by delaying crack ini-
tiation and propagation under tension loads. Additionally,
factors like a refinement of flaws elevate the compressive
capacity by minimizing stress concentration effects, and
they raise the tensile strength simultaneously by impeding
failure through the cross-section. Hence, a proportional in-
crease in both strengths is obtained via similar strengthen-
ing mechanisms, as confirmed by the accurate prediction.
The minor variations between experimental and predicted
split tensile strengths for all oven-dried and ambient air-
dried mixes substantiate the precision of the developed re-
gression model for reliable forecasting based solely on the
compressive strength data.

3.8. Prediction of Flexural Strength

The experimental relationship between compressive
strength and flexural strength for the geopolymer aggre-
gates incorporated concrete mixes (Fig. 13), represented by
the linear regression equation, was utilized for anticipating
flexural performance. As noted in Table 5, a good agreement
was achieved between the experimental and predicted flexur-

Mixes Experimental values Predicted values
Oven-dried Ambient dried Oven-dried Ambient dried
CS ST ES CS ST ES ST ES ST FS
M1 39.37 3.63 5.42 35.11 3.23 3.72 3.61 4.39 3.37 3.82
M2 42.13 4.1 4.33 36.73 3.69 4.09 4.09 4.75 3.46 3.90
M3 44.64 4.7 4.87 38.94 3.92 4.22 4.55 5.07 3.59 4.00
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al strengths with slight variations within 2-4%. This further
verifies that the improvements in compressive strength from
GGBFS-induced matrix densification and controlled oven
drying can be correlated with concurrent flexural strength
enhancements. The reduced porosity and enhanced paste-ag-
gregate bonding enabled elevated resistance to bending stress-
es and fracture. Hence, the accurate prediction confirms that
analogous mechanisms simultaneously elevate both capaci-
ties. Moreover, the precision substantiates the capability of
the developed regression model for reliable flexural strength
forecasting in geopolymer aggregate-based concretes using
the easier-to-obtain compressive test data. This can enable
quality assurance during mix design optimization for struc-
tural applications involving significant bending loads.

4. CONCLUSIONS

This study investigated the influence of GGBFS incor-
poration and drying methodology on the physical, me-
chanical, and microstructural characteristics of fly ash-
based geopolymer aggregates and concrete. The following
conclusions can be drawn:

« GGBFS addition (0% to 20%) to fly ash-based geopoly-
mer aggregates significantly enhanced their properties:
aggregate crushing value (25.84% to 20.8%), impact value
(26.8% to 24.7%), abrasion value (15.34% to 13.67%), and
water absorption (10.39% to 7.01%) for oven-dried mixes.

o Oven drying consistently resulted in superior aggregate
properties compared to ambient air drying: crushing val-
ue (20.8% vs. 26.04%), impact value (24.7% vs. 27.49%),
abrasion value (13.67% vs. 16.52%), and water absorption
(7.01% vs. 10.61%) for 80% fly ash - 20% GGBFS mix.

o Compressive strength of geopolymer aggregate con-
crete increased with GGBFS content: 80% fly ash - 20%
GGBFS oven-dried mix exhibited maximum strength
(44.64 MPa), showing 26.31% and 14.28% enhance-
ments over 100% fly ash mix for oven-dried and ambi-
ent dried samples, respectively.

o Split tensile and flexural strengths followed simi-
lar trends: 80% fly ash - 20% GGBFS oven-dried mix
demonstrated optimal performance with 29.46% and
21.67% tensile strength enhancements and 12-15%
higher flexural strength over ambient drying.

o Strong positive correlations between compressive
strength and split tensile strength (R?=0.906) and flex-
ural strength (R*=0.898) were observed, indicating si-
multaneous enhancement of mechanical properties.

o Regression equations accurately predicted split tensile
(1-3% variation) and flexural strengths (2-4% variation)
based on compressive strength data, substantiating the
precision of the developed models for reliable forecasting.
In conclusion, the 80% fly ash - 20% GGBEFS oven-dried

geopolymer aggregate mix exhibited optimal physical, me-
chanical, and durability properties, with strong correlations
enabling accurate performance predictions for structural
applications. The findings establish that a controlled oven
drying method and synergistic GGBFS addition can pro-
duce superior-quality fly ash-based geopolymer aggregates
with reliable strength forecasting models.
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ABSTRACT

This study examines the role of fibers formed from para-aramid and micropolyethylene in
enhancing the performance of stone mastic asphalt (SMA) mixtures against permanent defor-
mation. The use of SMA mixtures has the potential to mitigate permanent deformation and
plasticity. Marshall tests, static creep tests, fatigue tests, and wheel track tests were conduct-
ed on samples prepared using the modified Marshall design method to achieve the research
objectives. According to the test results, Samples containing 1.5% of the fiber mixture's total
weight exhibited greater strength than other samples. Additionally, these samples demonstrat-
ed the most minor displacement against rutting among all prepared samples. Based on these
findings, incorporating fibers containing Para-aramid and Micro-polyolefin in SMA mixtures
can enhance the performance of this type of mixture against permanent deformations.

Cite this article as: Saedi, S. (2024). Evaluation of the effect of para-aramid and micro-poly-
olefin fibers on permanent displacement in stone mastic asphalt. J Sustain Const Mater Tech-

nol, 9(2), 106-113.

1. INTRODUCTION

A multitude of factors influences road longevity. Vari-
ances in soil composition, traffic volume, vehicle types, and
precipitation levels along different road sections can lead
to diverse drawbacks and deficiencies. Failure to inspect,
evaluate, and maintain roads promptly can lead to rapid
deterioration. This results in significant financial losses and
leads to dissatisfaction among road users. Hence, utilizing
new asphalt technologies becomes imperative to extend
the lifespan of roads and minimize road maintenance ex-
penses. In the 1970s, researchers developed Stone Mastic
Asphalt (SMA) mixtures to mitigate road pavement issues.
This type of mixture offers significant advantages, includ-
ing high stability, resistance to permanent deformation, and
resilience against rutting [1]. SMA is a gap-graded asphalt
mixture characterized by a substantial coarse aggregate,
maximizing interlocking between aggregates to establish

*Corresponding author.
*E-mail address: sepehr.saedi@altinbas.edu.tr

an efficient load distribution network. The stone skeleton
is filled with a bitumen mastic mixture containing filler, to
which fibers are added. This addition ensures sufficient sta-
bility of the bitumen and prevents drainage of the binder
during transport and placement. Typically, SMA consists
of a high proportion of coarse aggregates and a minimal
amount of fine aggregates, resulting in a particle grading
commonly known as gap-graded [2]. Fibers serve multi-
ple purposes in SMA mixtures, including reinforcement,
enhancing tensile strength, extending fatigue life, and pre-
venting bitumen drainage. Mineral and cellulosic fibers are
the most frequently utilized types within SMA mixtures [3].
Polypropylene fibers, for example, are known to have a ben-
eficial effect on enhancing the resistance of SMAs against
rutting [4]. Adding Proplast (Proplast is a highly porous
material composed of a Teflon fluorocarbon.) as an additive
to SMA mixtures improves their resistance to permanent
deformations and reduces settlement caused by rutting [5].
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Table 1. Aggregate characteristics

Characteristic Code Unit Results Requirement
Coarse specific gravity ASTM C-127-15 [18] gr/cm’ 2.751

Fine specific gravity ASTM C-128-15 [19] gr/cm’ 2.747

Filler specific gravity ASTM C-128-15 [19] gr/cm’ 2.750

Los Angeles ASTM C-131 [20] % 16 30 max.
Water absorption ASTM C-127-15 [18] % 0.85 2 max.
Flat and elongated ASTM D-4791 [21] % 12 5 max.
Crushed content (two faces) ASTM D-5821 [22] % 96 90 min.

Laboratory research indicates that using carbon fibers im-
proves the resistance of SMAs to permanent deformations
and enhances the load-bearing capacity of the surface lay-
er [6]. The addition of glass fiber improves the properties
of SMA mixtures by reducing instability, increasing flow
value, and decreasing voids in the mix [7]. Furthermore,
adding fiber enhances fatigue properties by increasing re-
sistance to cracking and permanent deformation in bitu-
minous mixtures [6]. Based on conducted studies, using
0.4% basalt fibers in SMA (Stone Mastic Asphalt) mixtures
improves their resistance to permanent deformations up to
40 °C. Thus, it significantly prevents the formation of rut-
ting in the wheel path [8]. The use of ethylene-vinyl acetate
in SMA mixtures leads to an increase in dynamic modu-
lus and resistance against the rutting phenomenon [9]. The
results of uniaxial dynamic creep tests at temperatures of
25, 40, and 60 °C on SMA samples containing FRP (Fiber
Reinforced Polymer) fibers plus Viatop (a pelletized blend
of natural cellulose fibers and bitumen) indicate that the
mentioned additive combination leads to an increase in
the load-bearing capacity of the surface layer. These addi-
tives play an instrumental role in enhancing the resistance
of these mixtures against rutting [10]. Natural fibers can
indeed significantly enhance the rut resistance of SMAs.
Adding natural fibers to pavement can increase structur-
al resistance against pavement distress [11]. Studies have
shown that the combination of basaltic and cellulose fibers
has increased the resistance of SMA mixtures against the
phenomenon of rutting. Recent research has shown that
combining crumb rubber fibers and glass fibers improves
the dynamic modulus of Stone Mastic Asphalt (SMA) mix-
tures [12]. Laboratory research has demonstrated that in-
corporating a mixture of polypropylene and aramid fibers
into hot-mix asphalt enhances its mechanical properties
[13]. Research indicates polyolefin-aramid composite fibers
resist fatigue cracking within the blend [14]. Several studies
have examined the impact of polyolefin-aramid fibers and
hydrated lime on porous asphalt mixtures' functional and
mechanical performance [15]. The test results indicate that
mixtures modified with aramid fibers improve fatigue per-
formance compared to the virgin mixture [16]. Research
suggests that despite higher initial costs associated with
SMA mixtures containing fibers, repair and maintenance
costs are reduced considering the improved performance
characteristics of these mixtures. Ultimately, this results in
a lower life cycle cost [17]. The use of fibers to enhance the

characteristics of asphalt mixtures continues by researchers
in various parts of the world. This research aims to investi-
gate the possibility of using fibers that, in addition to being
cost-effective, can be easily added to SMA mixtures during
the mixing stages, creating a homogeneous mixture.

2. MATERIALS AND METHODS

2.1. Aggregates

Basalt aggregates sourced from Uskumrukdy in the
western part of Istanbul, Tiirkiye, were used in this study.
Samples underwent qualitative mechanical tests, and the
outcomes are detailed in Table 1.

The grading curve depicted in Figure 1 illustrates the
aggregate gradation used in the mixture [16].

As depicted in Figure 1, the curves represented by black
lines delineate the upper and lower limits of the gradation
stipulated in the code. In contrast, the red lines and dark
dots illustrate the gradation curves of the aggregates used.

2.2. Binder

In this study, the binder used is 50/70, produced by
Tupras Company. The physical characteristics of the used
binder are outlined in Table 2.

2.3. Additive

Fibers, including Para-aramid and Micro-polyolefin,
are formed from long molecular chains of poly-phenylene
terephthalamide, and the inter-chain bonds significantly
strengthen the material. These fibers derive some of their
high strength from hydrogen bonds between neighboring
carbonyl groups of polymer chain molecules. These inter-
actions significantly impact the structure of stift and sturdy
molecules that typically create sheet-like structures. SIRTAN
NANO Company, IRAN, provided the fibers used in this
study. Some physical properties of the fibers, including Pa-
ra-aramid and Micro-polyolefin, utilized in this research are
presented in Table 3. A fiber image is provided in Figure 2.

2.4. Mix Design

In this research, the Marshall modification method
[23]. It was employed to determine the optimal bitumen
percentage for the mixture. The volume of air-filled spac-
es in compacted samples emerges as the paramount design
parameter for SMA mixtures [24].

Marshall samples were prepared by gradually adding bi-
tumen at a rate of 0.5%, ranging from 4.5% to 7% by weight
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Figure 1. Granulometric curve.

Table 2. The physical properties of 50/70 binder

Test Code Unit  Results
Ductility ASTM D-113 cm 100+
Softening point (ring and ball) ~ ASTM D-36 °C 49
Penetration at 25 °C ASTMD-5 mm/10 60
Flash point ASTM D-92 °C 280
Specific gravity ASTMD-70  gr/cm’ 1.01
Solubility in trichloroethylene = ASTM D-2042 % 99
Table 3. Properties of fiber

Properties Values

Fiber length (mm) 6-19

Black density (g/cm?) 2.6

Tensile stress (Mpa) 750-900

Flash point (°C) 500

of the mixture. Afterward, the samples were compacted by
applying 50 blows to both surfaces. Following determining
the optimal bitumen content through preliminary tests, fi-
bers were added to the aggregates at percentages of 0.5, 1, 1.5,
and 2 of the total weight. In line with the research objectives,
130 Marshall and six samples of slab shape were prepared. In
Figure 3, the image of the prepared samples is shown.

2.5. Marshall Quotient

The Marshall quotient is a parameter to estimate the
stiffness of the asphalt mixture against permanent defor-
mation (Fig. 4). By increasing the value of it, it can be said
that the resistance of the asphalt mixture against permanent
deformation has been improved [25].

Figure 2. Fiber Image www.sirjannano.com.

2.6. Static Creep

The static creep test is crucial to assessing asphalt mix-
tures' durability under static loads (Fig. 5). In this evalua-
tion, a uniaxial load is applied to the specimen, removed,
and the resulting permanent deformation is measured. The
creep modulus derived from this test enables the predic-
tion of asphalt mixtures' susceptibility to thermal cracking
and rutting. In our investigation, we adhered to the ASTM
D6927 standard procedure for conducting the static creep
test. Here, specimens were subjected to a 150 kPa compres-
sive load at 25 °C for 3600 seconds, with deformation values
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Figure 4. Marshall quotient test.

recorded after this duration. The static creep values for the
specimens were determined using Equation (1) [26].

Ecq ()

a

= 20 (1)

Ecq «: Creep Modulus in Time t (MPa), o: Stress (MPa),
€ Strain in Time t

2.7. Wheel Track Test

The wheel track test used prepared samples measuring
500 mm in length, 180 mm in width, and 50 mm in height.
Approximately twelve hours before initiating the test, the

Figure 5. Static creep test.

samples were exposed to a temperature of 60 °C. The LCPC
device was set up so that each wheel applied a force of 500 N
to the samples. A laboratory-tired compactor provided the
compaction for the samples. Typically, the tire was rolled
over each sample for 30,000 cycles, exerting a load of 500 N
to a pneumatic tire inflated to 600 kPa. This study conduct-
ed the LCPC test for each prepared mixture at various cycle
intervals, specifically at 1000, 3000, 5000, 10,000, 30,000,
and 50,000 cycles [27] (Fig. 6).

2.8. Fatigue Test

Asphalt samples endure repeated loading during the
indirect tensile fatigue test until failure is reached (Fig. 7).
Various stress sources are applied to the samples through-
out this process. The fatigue life (N,) is subsequently calcu-
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Figure 6. LCPC test.

lated based on the stress level that triggers failure, which
can be derived from the following equation [28].

=K (HK
Nf =K1 (G) 2 2

where: N;: Fatigue life, K|, K,: Material properties de-
pendent coeflicients, o: Stress

3. RESULTS

3.1. SMA Design Results

The mixing process steps were performed using the mod-
ified Marshall method, and the optimal bitumen amount was
calculated. These calculations are detailed in Table 4.

As expected, the optimal bitumen percentage increased
with the increase in fiber percentage.

3.2. The Marshall Quotient Results

As depicted in Figure 8, samples containing 1.5% fibers,
Para-aramid, and Micro polyolefin have notably enhanced
the Marshall Quotient. Consequently, it can be inferred that
these fibers strengthen the stiffness of the mixture, thereby
potentially contributing to the improvement of its resis-
tance against deformations. The results show that samples
containing 1.5% fibers Marshall Quotient increased by 26%
compared to non-additive samples.

3.3. The Results of Static Creep

Marshall samples were prepared and subjected to a uni-
axial static creep test. The results, showing the permanent de-
formations caused by static loading, are presented in Figure 9.

Table 4. Results of Marshall's design

Figure 7. Indirect tensile fatigue test.
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Figure 8. The results of the Marshall quotient.

As illustrated in Figure 9, upon applying load to the
sample, there was an initial increase in instantaneous
deformation, followed by a period where the rate of de-
formation increase slowed down. The findings indicated
that the rise in instantaneous deformations in fiber sam-

Mix type Non. add. 0.5% fiber 1% fiber 1.5% fiber 2% fiber
Optimal bitumen (%) 6.59 6.67 6.74 6.79 6.81
Marshall stability (Kg) 1050 1195 1240 1295 1310
Flow (mm) 3.18 3.04 3.09 3.12 3.15
Air voids (%) 4 3,76 3,38 3.18 3.09
Voids in the mineral aggregate (%) 14.52 14,37 14.1 13.96 13.9
Voids filled with asphalt (%) 72.44 73.86 75.99 77.22 77.72
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Figure 9. Static creep test results.

ples was lower than those without additives. In samples
with additives compared to those without, the amount
of these changes at the end of 3600 seconds showed a
reduction of approximately 4%, 5.5%, 12%, and 8%, re-
spectively. Adding fibers to the mixture has enhanced
the bonding between bituminous aggregates, resulting
in the modified mixture exhibiting more excellent resis-
tance under creep loads. Therefore, it can be conclud-
ed that adding fibers containing Para-aramid and Mi-
cro-polyolefin enhances the resistance of SMAs against
the phenomenon of rutting caused by static loads from
heavy vehicles.

3.4. The Results of the Wheel Track Test

The results of the wheel track rutting test conducted us-
ing the LCPC method are presented in Figure 10.

The rutting on the asphalt surface resulting from 30,000
wheel passes should not exceed 6%, according to the LCPC
method. Based on the graphs, it is evident that samples con-
taining fibers with Para-aramid and Micro-polyolefin ex-
hibited superior resistance to rutting. Based on the curves
from the Rutting test using the LCPC method, only the
samples containing 1.5% fibers could meet the conditions
specified in the LCPC test standard. According to the com-
parative curves, incorporating 1.5% of these fibers in SMAs
reduces the percentage of rutting in 30,000 load cycles by
26% compared to samples without additives. Additionally,
the analysis of the results revealed that the percentage of
rutting increased in samples with a rate exceeding 1.5%.
The fibers have enhanced the mixture's resistance to per-
manent deformation by increasing its hardness. This test's
results further validate the Marshall index test findings. In-
creasing the amount of fibers in the mixture reduces the
friction between aggregates and mastic.

3.5 The result of Fatigue Test

The results of the indirect tensile fatigue test are depict-
ed in Figure 11. The test was conducted at a temperature of
25 degrees Celsius using a prepared sample, with loading
repeated until a deformation of 4 mm was observed in the
samples. As the weight percentage of fiber increased, the
number of loading cycles until complete deformation also
increased. Furthermore, increasing the weight percentage
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Figure 10. The results of the LCPC test.
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Figure 11. Fatigue test results.

of fibers, particularly those containing Para-aramid and
Micro-polyolefin, led to more loading cycles until complete
deformation ensued.

Experimental results indicated that including fibers
containing Para-aramid and Micro-polyolefin improved
the stiffness of the SMA mixture. Analysis of the resulting
graph reveals that augmenting the number of fibers con-
taining para-aramid and micro-polyolefin in SMA mix-
tures increased the load repetition cycle by 22% in the
samples. Fibers reinforce the asphalt mix, resulting in im-
proved durability. As a result of stresses acting in various
directions, samples with additives experience lower stress
concentration and fatigue failure compared to those with-
out additives. Fatigue cracks are a significant contributor
to pavement failure. A 30% increase in such failures can
impair the performance of asphalt surfaces, necessitating
repair operations. Employing protective methods becomes
unavoidable [29]. Hence, enhancing fatigue resistance can
substantially mitigate maintenance costs. Based on the fa-
tigue test results, it is evident that incorporating para-ara-
mid and micro-polyolefin fibers into Stone Mastic Asphalt
(SMA) can effectively lower the maintenance costs associ-
ated with these pavement types.

4. CONCLUSONS

This study aimed to evaluate the effects of Para-aramid
and Micro-polyolefin fibers on Stone Mastic Asphalts' fa-
tigue and rutting properties. Below are the results of the
investigation.
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Incorporating fibers containing Para-aramid and Mi-
cro-polyolefin as additives to the SMA mixture enhanced
the Marshall index parameter of this mixture type. This
improvement suggests potential reinforcement against per-
manent deformations, contingent upon other necessary
conditions being met.

The research results demonstrate that adding a combi-
nation of Para-aramid and Micro-polyolefin fibers to SMA
mixtures enhances their resistance to deformation caused
by heavy static loads.

Results from the rutting test revealed that samples with-
out additives exhibited the highest rate of rutting, while
those containing 1.5% fibers showed the lowest. Notably,
the samples containing 1.5 fiber met the 6% rutting limit
specified in the standard for hot asphalt mixtures, as deter-
mined by the rutting test conducted via the LCPC method.

Incorporating Para-aramid and Micro-polyolefin fibers
into SMA mixtures enhances their fatigue resistance against
repeated loading. Consequently, these fibers can reduce re-
pair and retrofitting costs attributed to fatigue-related de-
terioration.

Those containing 1.5% Para-aramid and Micro-poly-
olefin fibers exhibited the most favorable outcomes among
the prepared samples. However, increasing the fiber per-
centage disrupts the uniform texture of SMA mixtures,
thereby diminishing the fibers' effectiveness in enhancing
the mixture's resistance to permanent deformations.

Based on the results obtained from the conducted
physical and functional tests, it can be concluded that
incorporating fatty fibers containing Para-aramid and
Micro-polyolefin into SMA mixtures can effectively con-
tribute to reducing maintenance costs associated with
these mixtures.

The research results indicated that this mixture exhibits
significantly enhanced resistance to permanent deforma-
tions and demonstrates good resilience to rutting in hot
climate areas with heavy traffic.
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1. INTRODUCTION

ABSTRACT

This research first determined the strength of the cylindrical geopolymer concrete materi-
als under compressive stresses. Secondly, conventional and geopolymer-reinforced concrete
beams were manufactured in different reinforcement ratios, and their mechanical properties
were compared under bending. The main aim of this study is to experimentally compare the
effect of reinforcement ratio on the ductility behavior of an alkali-activated geopolymer con-
crete (GPC) beam with that of an ordinary Portland cement (OPC) beam. First, balanced
reinforcement calculations were made considering the mechanical properties obtained from
the material tests. The load-displacement, moment-curvature, and crack development results
obtained from beam tests are interpreted with this information. OPC and GPC beams exhibit-
ed similar strength and crack development behavior. However, the behavior of GPC and OPC
concretes differs regarding the ductility index. Therefore, to achieve similar ductility in the
conduct of GPC and OPC beams, the balanced reinforcement ratio and section dimensions of
GPC beams should be chosen to be larger than OPC.

Cite this article as: Ozbayrak, A., Celik, A. I., Acar, M. C., & Sener, A. (2024). Experimental
investigation of the effect of longitudinal tensile reinforcement ratio on ductility behaviour in
GPC beams. ] Sustain Const Mater Technol, 9(2), 114-127.

aqueous alkali hydroxide or silicate solutions with soluble
alkali metals, usually based on sodium (Na) or potassium

The production of Ordinary Portland Cement (OPC)
harms the environment, which has sparked intense interest
in creating new varieties of "green" geopolymer concrete.
It is necessary to demonstrate the applicability of current
design procedures or develop new design methodologies if
geopolymer concretes are widely used in practice [1]. Da-
vidovits invented geopolymer concrete (GPC) with supe-
rior properties in 1974 by using materials such as Silicon
(Si) and Aluminium (Al) rich fly ash activated with alka-
line liquids instead of Portland cement (OPC) as a bind-
er in concrete [2-4]. Alkaline liquids are concentrated

*Corresponding author.
*E-mail address: ozbayrak@erciyes.edu.tr

(K). Highly alkaline liquids dissolve silicon and aluminum
atoms in the source materials and form the geopolymeric
binder. Efficiency in the production of geopolymer concrete
is highly dependent on the types of aluminosilicate sources
and activators [5, 6]. The raw material used as a source, al-
kaline solution concentrations, and curing conditions play
an essential role in increasing the strength of geopolymer
concrete by improving the polymerization process. The ex-
perimental results demonstrate that geopolymer concrete's
mechanical qualities rise as the activator/binder ratio in-
creases and the water/binder ratio decreases [7]. However,
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the development of this material is still in its infancy. Fur-
ther progress is needed to deal with the safety risk associ-
ated with the activating solution's high alkalinity and the
polymerization reaction's hypersensitivity to temperature
[8-10]. The advantages of geopolymer concrete are its high
compressive and tensile strength, rapid strength gain, low
shrinkage, and high temperature and chemical resistance
[11-15]. Despite these advantages, the practical use of geo-
polymer concrete is quite limited. The main reason for its
limited practical use is insufficient research on building el-
ements, design, and application studies [16].

In the literature research, shear and bending behaviors
of fly ash-based geopolymer-reinforced concrete beams
were investigated structurally under chemical composition,
reinforcement ratio, glass fiber content, and steel fiber use.
The first studies on the structural behavior of fly ash-based
geopolymer concrete beams were made by Sumajouw et al.
[17] They tested the bending behavior of six reinforced con-
crete beams with variable reinforcement ratios. As a result,
it was determined that the flexural strength increased de-
pending on the increase in the reinforcement ratio, as in the
behavior of conventional reinforced concrete beams. In an-
other study, sixteen reinforced concrete geopolymer beams
with varying tensile reinforcement ratios (0.64-2.69%) and
concrete compressive strength (37-76 MPa) were tested by
M. Sumajouw and Rangan [18]. The effect of reinforcement
ratio on geopolymer concrete beams in terms of bending ca-
pacity and ductility was similar to conventional reinforced
concrete beams. In parallel studies, it has been reported that
the flexural behavior of fly ash-based geopolymer concrete
beams is identical to traditional reinforced concrete beams,
such as initial cracking load, crack width, load-deflection
relationship, bending stiffness, ultimate load, and failure
mode [19-27]. The bending behaviors of geopolymer-re-
inforced and cementitious reinforced concrete beams were
investigated by numerical analysis (ANSYS APDL) and
confirmed by experimental studies. The deflection in the
GPC beam was higher than in the OPC beam, and better
crack propagation was found in the GPC beam than in the
OPC beam. The applied specifications state the hat GPC
beam is a better alternative material for the beam [28]. It
was determined by Jeyasehar et al. [29] that the initial crack
load of geopolymer concrete beams was higher when com-
pared to conventional cement-based concrete beams, but
crack width, mid-span deflection, and final load were lower.

Another study for bending and deflection calculations
evaluated the applicability of the ACI 318-2019 code for
geopolymer concrete beams. It has been stated that a suit-
able model is needed to calculate the flexural strengths and
deflections of geopolymer concrete beams after the first
crack formation [30]. When adding glass fiber or steel fiber
and hybrid propylene while manufacturing fly ash-based
geopolymer-reinforced concrete beams, the bending capac-
ity increased by 30-35% [31, 32]. Sathish Kumar et al. [33]
experimentally tested the shear strength of geopolymer con-
crete beams by adding triple-blended hybrid fibers. Fracture
beams were compared by adding steel and polypropylene
fiber at different rates. As a result, combining hybrid fibers

improved the shear strength and changed the fracture type
of the beams from shear to bending. However, the disadvan-
tage of GPC beams is that they exhibit a more ductile be-
havior than OPC beams, and as a result, more small cracks
occur in GPC beams compared to OPC beams [34].

On the other hand, the research conducted by Mourou-
gane et al. [35] revealed that geopolymer concrete beams have
higher shear strength in the range of 5-23% than convention-
al cement-based concrete beams. Based on research on a se-
ries of shear-critical geopolymer concrete beams with varying
longitudinal and transverse reinforcement ratios, Chang con-
cluded that the calculation method applied for conventional
concrete beams could also be safely used to predict the shear
strength of geopolymer concrete beams [36]. In the results of
direct shear tests (shear aperture ratio) conducted by Visintin
etal. [1], it was determined that the shear friction properties
of the geopolymer concrete used in the experimental research
behaved similarly in range to the shear friction properties of
the commonly used OPC concrete.

This study compared the flexural behaviors of OPC (3
specimens) and GPC (3 specimens) beams with various
reinforcement ratios, targeting an average strength of 30
MPa. To calculate the balanced reinforcement ratio, the
compressive strength and mechanical properties of OPC
and GPC concrete were determined by conducting prelim-
inary material tests on cylindrical samples of ©¥100 x 200
mm dimensions. This way, the stress-strain relationship
and stress block design parameters of fly ash-based GPC
and OPC were investigated for the balanced reinforcement
ratio calculation. The equivalent pressure block height (a)
at the moment of strain corresponding to the maximum
stress of the cylindrical GPC specimens is approximately
30% higher than that of the OPC specimens [37]. Therefore,
the balanced reinforcement ratio calculated for GPC con-
crete was larger. At the end of the experimental study, GPC
beams were compared with OPC beams in load-displace-
ment and moment-curvature relations. Similarities and
differences were revealed regarding behavior and strength
[38]. Although GPC beams exhibit similar properties to
OPC beams in terms of maximum strength and crack de-
velopment, increasing the beam section and reinforcement
ratio is necessary for similar ductility in behavior.

1.1. Research Significance

In recent years, it has been revealed that geopolymer
concrete (GPC) has superior properties compared to Port-
land cement concrete (OPC). However, more research is
needed before GPC can be used in any area where OPC is
used. With the increasing population and rapid urbaniza-
tion, the demand for concrete is increasing exponentially.
In addition, due to OPC production, 7-8% of CO, emis-
sions are essential in improving the effect of greenhouse
gases in the atmosphere. For these reasons, research on us-
ing fly ash material in the waste product class in concrete
production is essential in making concrete more environ-
mentally friendly. Previous studies have shown that the
mechanical characteristics of geopolymer concrete, such
as compressive strength and tensile strength, are superior
to those of OPC concrete [39-45]. However, compared to
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Table 1. Chemical components of fly ash

Components %

Si0,, x 59.2
ALO,y 203
Fe,0,z 7.65
The sum of x, y, z 87.1
CaO 1.87
MgO 221
SO, 0.19
Na,0 156
K,0 2.36
Cl 0.05
LOI (loss of ignition) 3.23

Fineness (>45 pm) 17.4

typical cement-based concrete, geopolymer concrete has a
lower elastic modulus [37, 41, 46-48]. Using geopolymer
concrete as a structural element has no detrimental effect
on load-bearing capacity, and the geopolymer concrete
members could be safely designed following existing stan-
dards of practice [49]. However, more research is needed
to accelerate the use of geopolymer concrete in large-scale
field applications and provide more practical and cost-ef-
fective design guidelines for its use in structural members.
In the Research Significance section of the manuscript,
the authors state the purpose of their study, which is to
investigate the mechanical performance of GPC beams
reinforced with steel bars. The survey results will assist
in understanding the behavior of GPC beams and their
load-carrying capacity and ductility. This information
could potentially lead to the developing of more optimized
and sustainable structural designs for buildings and infra-
structures. Therefore, the study is significant as it advances
construction materials and engineering knowledge.

2. MATERIALS AND METHODS

2.1. Materials

Low calcium fly ash (ASTM Class F) supplied from the
Isken Sugdzii Power Plant was used as the primary materi-
al in the production of geopolymer concrete. The chemical
composition of the fly ash determined for this power plant
based on XRF analysis is given in Table 1. Accordingly, the
sum of X, y, and z being more than 70% indicates that the
ash taken from the Isken Sugézii Power Plant meets the tar-
geted strength and behavior requirements. Its specific grav-
ity was 2.35 on average.

The research used a mixture of NaOH and Na_SiO, solu-
tions as an alkali activator. NaOH grains in the form of pal-
lets used in sodium hydroxide solution are 98% pure. To pre-
pare a 14 M sodium hydroxide solution, 560 grams of NaOH
was added to 1 Liter of water. Before adding the NaOH solu-

Table 2. GPC mixing ratios (kg/m?)

tion to the concrete mix, it was kept at room temperature
for 24 hours. The mixing ratios of the Na SiO, solution are
Na,0=13.5-15%, SiO,=27-30%, H,0=48-50% and the mass
density is 1510 kg/m®. Crushed stone with a 7-11 mm diam-
eter was used as coarse aggregate, and river sand was used as
fine aggregate. To reduce the absorption of water and chem-
icals by the aggregate, the moisture content of the fine aggre-
gate was kept as close to the saturated surface dry as possible.

2.2. Mixing Ratios

To reach the optimum ratio of various components of
GPC concrete, preliminary studies have been conducted
and published [50]. Accordingly, the parameters held con-
stant in the current study include the aggregate content by
weight (0.75), the ratio of fine aggregate to total aggregate
(0.35), the proportion of alkali to fly ash by mass (0.60), and
the ratio of Na,SiO, to NaOH (1.5). The amount of material
required to produce 1 m* of GPC concrete according to the
above ratios is given in Table 2 in kg.

While preparing the mixture, primarily coarse aggre-
gate, fine aggregate, and fly ash were mixed for 3 minutes
in a 125 dm® concrete mixer. Afterward, the previously pre-
pared Na,SiO, and NaOH solutions were added to the mix-
ture mortar one after the other for two more minutes. No
water or plasticizer was added to the mixture during the to-
tal mixing period of 5 minutes. In the literature, it has been
recommended that alkaline liquid be prepared by mixing
sodium silicate and sodium hydroxide solutions and react-
ing thoroughly for at least 24 hours before use [22]. How-
ever, such an application was not made in the study since it
was determined to accelerate the setting time. Furthermore,
since 14 M sodium hydroxide causes the presence of excess
NaOH ions, it leads to rapid and early precipitation of the
aluminosilicate gel, leading to rapid hardening and inhib-
iting the formation of other geopolymeric precursors [51].

2.3 Experiment Samples

GPC and OPC beams with dimensions of 150 mm
width, 200 mm depth, and 1100 mm span length were pro-
duced, targeting a compressive strength of 30 MPa as the
intended strength and varying tensile reinforcement ratios.
Tensile reinforcement ratios were determined as the lower
limit (0.003), the upper limit (0.02), and a value between
both specified in the ACI 318 specification [52, 53]. 208
longitudinal reinforcement was used in the compression
region of all samples produced. The transverse reinforce-
ment (stirrup) is adjusted to be 8©98/150 mm in each beam.
The research tested six beams using three different GPC
and OPC beams that matched each other. The transverse
reinforcements were sized so that the concrete cover was
25 mm. The cross-section and reinforcement information
of the beams are given in Table 3, and the longitudinal and
transverse reinforcements are placed in Figure 1.

Class F Sodium silicate Sodium hydroxide Extra added Plasticizer Fine Coarse
fly ash solution solution water aggregate aggregate
406 146 97 - - 643 1194
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Table 3. Beam geometry and reinforcement information

Group Sample name Reinforcements Tensile reinforcement ratio  Curing pmin pb 0.85xpb
Compression Tensile
reinforcement reinforcement
1 OPC1 208 208 0.003 28 days
OPC2 208 3014 0.017 28 days
OPC3 208 2018 0.019 28 days 0.0028  0.025 0.021
2 GPC1 208 208 0.003 24h 90 °C
GPC2 208 3014 0.017 24h 90 °C
GPC3 208 2018 0.019 24h 90 °C
() In the experimental study, B420c reinforcement was
I £ used following the standards, and the tensile strength/yield
g strength ratio was determined to be between 1.15 and 1.35.
The ratio of yield strength, tensile strength, unit elongation
] I 1 at break, and tensile strength to yield strength of the longi-
’ 1100 mm ’ tudinal and transverse reinforcements used in the research
are in Table 4.
(b) 2.4. Casting and Curing
— — — Geopolymer-reinforced concrete beams were poured
into plywood molds with dimensions of 150x200x1100 mm
g E E in the laboratory. A bottle-type vibrator was used to com-
s 208 & 314 S 2018 pact the concrete. The average slump value was determined
o o Q O as 21 cm in the measurements made during casting. Curing
150 150 mm 150 mm was done in a laboratory oven at 90 °C for 24 hours without
mold removal. The research recommended curing after a

Figure 1. (a) Beam longitudinal section and transverse
reinforcements, (b) Beam cross-sections and longitudinal
reinforcements.

Table 4. Reinforcement properties under axial tension

Rebar diameter fy (MPa) f (MPa) g, (%) £/ fy
(mm)

08 424 541 37.5 1.27
D14 453 572 32.8 1.26
D18 456 564 244 1.24

f: Yield strength; f : Tensile strength; ¢ : Unit elongation at break.

rest period of 0-5 days after casting. To obtain the best re-
sults regarding compressive strength, geopolymer samples
were kept for four days before curing [54]. Traditional re-
inforced concrete beams were produced in a ready-mixed
concrete plant. The concrete is placed in the prepared beam
molds, and the curing stages are shown in Figure 2.

2.5. Experiment Setup and Loading Procedure

The precise span length of tested beams is 900 mm and
simply supported, fixed at one end, and sliding joint at the
other. The load was applied to the beam by a 300 kN ser-
vo-hydraulic actuator from a single loading point in the
middle of the span (Fig. 3). The ratio obtained by dividing

Figure 2. Placing and curing concrete in molds.
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Figure 3. Experiment setup and measuring instruments.

the shear span (a=0.9/2=0.45) by the average adequate depth
(d=0.175) is found to be a/d=0.257 (considering the variation
in sufficient depth, £0.04). The beam's cross-sectional height
(0.2 m) is not greater than 1/4 of its clear span (0.9/4=0.225
m), so it is classified as a standard beam. To prevent local
crushing of the concrete, hard rubber, and leather belts are
placed between the steel rollers and the concrete surface in
the loading and bearing areas. The load was applied by con-
trolling the displacement of the actuator at a rate of 2 mm/s
until 50 mm of deflection occurred. Next, two LVDTs (Lin-
ear Variable Data Transformers) were placed on the middle
span upper and lower beam faces to determine the mo-
ment-curvature relationship by measuring the shortening in
the upper fibers of the beam and the elongation in the lower
fibers. Again, a third LVDT was added to the experimental
setup to determine the load-deflection relationship by tak-
ing vertical measurements from the beam middle span. The
measurements taken during the experiment were transferred
to the computer with the help of a data logger.

3. RESULTS

3.1 Material Tests

Material tests are essential in the interpretation of beam
behavior and strength. For this reason, three @ 100 x 200
mm cylindrical specimens were prepared for each group,
and unit strain, modulus of elasticity, Poisson's ratio, and
compressive strength were calculated [37, 55]. The weight,
unit volume weight, and slump values measured from the
average of the samples in each group before the tests are
given in Table 5. It has been determined that GPC and OPC
are similar in unit volume weight.

The characteristic strength properties, corresponding to
the targeted 30 MPa and the obtained strengths, are pro-
vided in Table 6 by averaging the concrete samples in each
group. The ratio of transverse strain to longitudinal strain
(Poisson), modulus of elasticity, and ductility due to defor-
mation were obtained differently in GPC and OPC samples.
In the calculation of the elastic modulus, firstly, 40% of the
maximum stress (fck) is taken, and the elastic stress limit
(fd) is determined (Fig. 4).

60
50
feu
40

30

20

10 y=22874x-0.8602
&d gy &c Ecu

0,0000 0,0005 0,0010 0,0015 0,0020 0,0025 0,0030 0,0035 0,0040

Figure 4. Example calculation of elastic modulus and duc-
tility from the concrete stress-strain curve.

Table 5. Average slump and unit volume mass

Group name Slump cm Weight kg Unit volume
mass kg/m?*

OPC 16 3.662 2330

GPC 21 3.739 2380

—OPC —GPC

o

(=]

S

_— N N W W)
)

Stress (MPa)
N

10
5
0

0,000 0,001 0,002 0,003 0,004 0,005

Strain (mm/mm)

0,006 0,007

Figure 5. Stress-strain curves.
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Table 6. Characteristic strength properties of materials (MPa - mm/mm)

Group name E, £, £ £, f, \A
OPC 19128 14.71 30.34 32.70 26.16 0.20
GPC 16913 13.69 27.40 30.43 24.34 0.30
Group name E, € g €} € u=e /e
OPC 210000 0.00068 0.00165 0.00232 0.00282 1.71
GPC 210000 0.00077 0.00185 0.00284 0.00646 3.50

E_: Concrete modulus of elasticity; E : Steel modulus of elasticity; v: Poisson's ratio; f: Concrete elastic stress; f : Concrete yield stress; f : Concrete
maximum stress; f_: Concrete ultimate stress; e : Concrete strain corresponding to elastic stress; e : Concrete yield strain; e : Concrete strain corresponding
to maximum stress; e : Concrete strain corresponding to ultimate stress; yi: Material ductility (compression ductility).

Table 7. Balanced reinforcement ratios (N-mm)

Group name €, €, e E, d X a £, P,
OPC 0.0018 0.00282 592.20 0.821 175 105.70 86.79 21.8 0.0258
GPC 0.0008 0.00646 1357.3 0.837 175 135.96 113.8 20.3 0.0312

Then, a trend line (red line) was added to fd from the
starting point (0, 0) of the stress-strain graph, and the equa-
tion of this line was displayed. The modulus of elasticity was
calculated by finding the expression y/x in this equation.
Ductility is the ratio of ultimate strain (eu) to yield strain (gy).
ecu is the strain of the ultimate stress (fcu), corresponding to
approximately 85% of the fco. ey is the strain corresponding
to the yield stress (fy). fy is the intersection point of the trend
line for which the elastic modulus is calculated, and the line
that passes horizontally through the axis corresponds to fck
(gray lines). In the equation y=22874x-0.8602, the value of
x=gy is obtained by substituting the value of fck for y. Thus,
the ductility value was calculated from the experimental data
of the stress-strain curve using the formula p=¢u/ey.

A comparison of the average stress-strain curves of GPC
and OPC concrete samples is given in Figure 5. The strain
corresponding to the maximum stress of GPC is more sig-
nificant than that of OPC.

3.2. Balanced Reinforcement Ratio

Only a few studies on the stress-block parameters for
fly-ash-based GPC under heated curing conditions have
been reported in the literature, even though there have been
many studies on the rectangular stress-block parameters for
conventional Portland concrete [56, 57]. Nevertheless, the
research findings demonstrate that it is still appropriate and
highly accurate to design GPC beams using the ACI stan-
dards for concrete structures [58].

In the cylinder compression tests, the maximum de-
formations (ecu) of GPC and OPC concretes at ultimate
load are different (Table 6). This table shows that accord-
ing to GPC (0.00646), the balanced reinforcement ratio
calculation will differ from OPC (0.00282), depending on
the ultimate strain corresponding to the concrete crushing
change. It is important to make balanced reinforcement cal-
culations to prevent brittle fractures in beams. Equation 1
represents the calculation of x, the depth of the compressive
stress block based on the strain values of steel and concrete
at yield and crushing. Equation 2 represents the calculation

of the balanced reinforcement ratio (pb) using the strain
values of concrete at crushing obtained from cylinder pres-
sure tests. The main reason for the different balanced rein-
forcement ratios is that the crushing strain values of GPC
and OPC concrete differ, resulting in different values of pb.

d &y+ey E a

=2 P2 = — 1

p = X E, and x P (1)
A & E

Py = bi; = 0.85k, Jea Ecufis )

fyd ScuEs + fyd

The coeflicient ki, the ratio between the average and
maximum stress, was calculated in Eq. 3 according to ACI
318 for the characteristic cylindrical compressive strength
fck >28 MPa.

ky = (1.05 — 0.007f,) = 0.65 3)

The calculated balanced reinforcement ratio values are
given in Table 7. Accordingly, it is seen that the tensile rein-
forcement ratios (p<pb) of all beam samples shown in Table
3 are below the balanced reinforcement ratio. In this case,
tensile failure is expected to occur in all beams.

The equivalent compressive block height (a) of the GPC
samples at the moment of maximum stress is greater than
that of the OPC samples. However, Figure 6 shows that the
GPC samples achieve their ultimate load capacity at low-
er deflection values than the OPC samples (Fig. 6a). Using
more tensile reinforcement in GPC beams is necessary to
achieve similar ductility with OPC beams. For this reason,
the balanced reinforcement ratio of GPC beams is higher
than that of OPC beams. However, this inference is applica-
ble for fracture scenarios due to bending. In cases of frac-
ture due to shear, the situation is different. Table 7 shows
that the reinforcement in GPC does not yield at the point of
concrete crushing. Additionally, the strain of GPC concrete
at the end of crushing is greater than that of OPC concrete
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Figure 6. (a) Load displacement curves, (b) Moment curvature relationship.

due to its slightly lower modulus of elasticity, indicating
that GPC is weaker regarding shear. It has been determined
that the reinforcement in OPC concrete beams reaches the
total yield strain at the ultimate load capacity.

3.3. Beam Tests

The load-displacement and moment-curvature graphs
of the beam samples with different reinforcement ratios are
as given in Figure 6.

For values of a concrete compressive strength less than
50MPa, the maximum reinforcement ratio defined in ACI
318 s 0.02 [52, 53]. This condition must be met for a tensile
fracture to occur under the influence of ductile behavior.
Therefore, the deformation capacity of GPC beams is lower
than OPC beams, and the need for tensile reinforcement is
higher. However, the balanced reinforcement ratio calcu-
lated for GPC (pb=0.031) exceeds the limit value (p=0.02)

given in ACI 318 for OPC. In this case, GPC beam section
dimensions should be more significant than OPC beam
section dimensions to provide sufficient ductility.

The strains corresponding to compressive stresses in
geopolymer concrete are higher than in conventional con-
crete. For this reason, geopolymer concrete's material duc-
tility (compression ductility) was greater than convention-
al concrete's (Table 6). In the first experiments, where the
reinforcement ratio is low (0.003), the GPC1 beam has a
deflection capacity of less than the OPC1 beam (Fig. 6a).
The OPC concrete in the compression zone reached its
fracture strength after the reinforcement in the tensile zone
yields. Concrete crushing in the compression zone in GPC
can reach similar strength due to considerably large than
in OPC. As a result, the yielding of tensile reinforcement
is the determining factor in GPC beams, which produce a
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Table 8. Moment values for reinforcement yielding (M, )

kNm OPC1 GPC1 OPC2 GPC2 OPC3 GPC3
Experimental M, 10.0 8.12 37.9 34.1 37.6 37.1
Analytical M 7.10 - 29.2 - 32.0 N

later compressive strength response than OPC beams. As a
result, the beam collapses from oblique tensile failure be-
fore reaching the maximum compression fracture. In ex-
periments second and third, the increase in reinforcement
ratios increased the load-carrying capacity of the beams
and became a determinant of flexural stiffness. However,
the shear tension failure occurred (Fig. 6a).

Due to the high ductility of the material, GPC beams
show lower stiffness in the compression region and reach
the moment-carrying capacity earlier than OPC beams for
similar curvature values. The curvature values of the GPC
and OPC beams were found to be close to each other since
the failure of the first beams occurred due to the reinforce-
ment yielding in the tension zone (Fig. 6b). However, the
tension reinforcement ratio increased in the second and
third beams. Due to the high ductility value in GPC, the
compressive stresses formed in the upper beam fiber re-
mained at lower levels for curvature values similar to those
of OPC. This high ductility reduced the strength contribu-
tion of the concrete in the compression zone during bend-
ing. As a result, the load in GPC beams is carried mainly by
the tension reinforcement. In the second and third exper-
iments, the beams reached the bearing capacity at higher
curvature values than the OPC beams (Fig. 6b).

Oblique tensile and shear compression fractures occurred
in beam samples due to shear and flexural cracks (a/d=2.57).
In the GPC1 and OPC1 samples, flexural tensile fracture oc-
curred due to the rupture of the reinforcement by yielding.
In the other beam samples (GPC2-OPC2 and GPC3-OPC3),
only shear cracking occurred without bending cracks, result-
ing in sudden power depletions (Fig. 7). The inclined crack
formed in the body in the first stage progressed rapidly and
caused brittle fractures. As a result, shear compression col-
lapses occurred in the beams without yielding the tensile re-
inforcements. However, the bearing capacity moment values
increased due to increased reinforcement ratios (Table 8).

When the tests are examined in terms of load-displace-
ment relations in Figure 6, it is seen that only in the first exper-
iments is a load below the shear capacity applied to the beams.
The way the beams break is a flexural tensile failure, which
confirms this situation. In the second and third experiments,
shear pressure fracture occurred due to the load applied to the
beams above the shear strength (Fig. 7). The maximum analyt-
ical shear loads that OPC beams with the properties specified
in the research can carry were calculated as 162 kN.

4. DISCUSSION

As a result of the material and beam tests, it was de-
termined that geopolymer concrete (GPC) has a similar
strength to conventional concrete but exhibits different
behavior characteristics. Specifically, the increase in mate-

rial ductility (compression ductility) according to cylinder
pressure tests caused a decrease in section ductility in beam
bending tests. While the energy consumption capacity of
GPC was higher in compressive strength tests, conventional
concrete (OPC) performed better in energy consumption
in beam tests focused on flexural strength.

Since the modulus of elasticity of GPC is lower and the
strain corresponding to the maximum compressive stress
is more significant than that of OPC concrete, the flexur-
al stiffness is lower than that of OPC. This condition shows
that the GPC-reinforced concrete beam will deflect more
under the effect of bending. The calculations in the previous
sections demonstrated the necessity of increasing the tensile
reinforcement to exhibit similar stiffness to the OPC beam.
In addition, increasing the flexural reinforcement alone may
not be sufficient for the required stiffness not to exceed the
reinforcement upper limit (0.02) set by regulations such as
ACI318 and TS500. In this case, it may be necessary to in-
crease the section dimensions for sufficient flexural stiffness.
However, the experiments were terminated due to shear
damage, especially in the last two experiments. This does
not affect the flexural findings based on the material tests.
Future studies should support these findings by conducting
studies in which flexural fractures of beams can be observed.

4.1. Parameters Considered for OPC and GPC

4.1.1. Material Tests

o Compressive Strength: The compressive strength of
GPC, determined through material tests, was compara-
ble to that of OPC.

o Elastic Modulus: The elastic modulus of GPC was lower
than that of OPC, as indicated by the values obtained
from cylindrical samples [59-64].

o Poisson's Ratio: The Poisson's ratio of GPC was higher
than that of OPC [65-68].

o Strain at Maximum Stress: The strain value correspond-
ing to the maximum stress of GPC was higher than
that of OPC [69, 70]. This difference increased as it ap-
proached the ultimate strain.

o Ductility: The increased yield and ultimate state strain
values of GPC improved its ductility [71, 72]. Conse-
quently, the equivalent pressure block height of GPC was
greater than that of OPC, indicating that GPC beams
would reach their bearing capacity at lower deflection
values. Therefore, more tensile reinforcement is required
to achieve similar ductility with OPC beams, resulting in
a higher balanced reinforcement ratio for GPC.

4.1.2. Beam Tests

o Reinforcement Ratios: Three different reinforcement
ratios were used in beam experiments. Beams in the
first group failed due to flexural tensile fractures follow-
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Figure 7. Crack development (left image: during the experiment, right image: at the end of the experiment).
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ing reinforcement yield. In the last two groups, failure
occurred due to shear pressure fractures in the beams
without reinforcement yielding.

o Deflection Values: GPC beams reached maximum bear-
ing capacity at lower deflection values than OPC beams
[73, 74]. This indicates that the section ductility of GPC
beams is lower despite higher material ductility [20, 75].

o Energy Consumption: The decrease in section ductili-
ty negatively affected energy consumption. In the first
experiment, moment-curvature graphs were similar
because the concrete was crushed when the reinforce-
ment yielded. However, the graphs differed in the last
two tests as the concrete collapsed according to the
shear and compressive strength before reinforcement
yield. The demand for compressive strength due to high
deformation from GPC material tests led to decreased
section ductility by consuming energy before OPC.

4.2. Advantages and Weaknesses of GPC over OPC

4.2.1. Advantages

o Higher Ductility: GPC exhibits higher material ductili-
ty, enhancing its energy consumption capacity in com-
pressive strength tests.

o Environmental Benefits: GPC production is typically
more environmentally friendly, as it can utilize indus-
trial waste products such as fly ash and slag [76-78].

4.2.2. Weaknesses

o Lower Elastic Modulus: GPC's lower elastic modulus
leads to higher deflections under load, reducing its flex-
ural stiffness compared to OPC.

o Section Ductility: GPC beams have lower section duc-
tility, negatively impacting their performance in flexur-
al applications. The high material ductility of GPC, ob-
served in cylinder tests, delays the compressive strength
response in flexural tests, causing earlier energy deple-
tion in shear and tensile effects.

o Design Adjustments: To achieve similar stiffness and
ductility to OPC beams, GPC beams require more ten-
sile reinforcement and potentially larger cross-sectional
dimensions.

4.3. Recommendations for Beam Design and Standards
Given the experimental findings, it is crucial to consider
the implications of these differences in practical applications:

4.3.1. Reinforcement Ratio and Standards Compliance

o The balanced reinforcement ratio limit should be strictly
adhered to per standards such as ACI 318. The experi-
ments indicated a higher balanced reinforcement ratio for
GPC, suggesting a need for careful design adjustments.

o The designs used in the experiments might not fully com-
ply with ACI standards due to the higher reinforcement
ratios. Future designs should aim for compliance to en-
sure valid comparisons and safe structural performance.

4.3.2. Cross-Sectional Dimensions
o The conclusion that beam dimensions should be in-
creased for GPC is based on the need for sufficient

flexural stiffness. While this approach may address the
immediate stiffness issues, it is important to consider it
within the framework of standard design practices.

o The suggestion to enlarge cross-sectional dimensions
must be carefully evaluated, particularly when the beam
is completely bending. If the reinforcement ratio in the
beam is lower than the balanced reinforcement ratio,
the behavior of the beam could differ significantly.

4.3.3. Future Research Directions

o The current findings are valuable and highlight key dif-
ferences between GPC and OPC. However, definitive
statements should be avoided until further studies, par-
ticularly those observing flexural failures in beams, are
conducted.

o Future research should focus on verifying these findings
with larger sample sizes and varied loading conditions
to develop a more comprehensive understanding of
GPC's behavior under different structural demands. By
incorporating these considerations and adhering to es-
tablished standards, the structural applications of GPC
can be optimized to leverage its advantages while miti-
gating its weaknesses.

5. CONCLUSIONS

The high ductility of the material in geopolymer con-
cretes causes a delay in the response of the compressive
strength due to deflection. The increase in curvature caus-
es a collapse in the form of tension and shear. The delayed
pressure response on the beam's neutral axis causes the
beam's energy to be depleted in shear and tensile effects be-
fore reaching the maximum compressive strength. All the
obtained findings related to strength and deformation sup-
port each other. In general, GPC and OPC concrete exhibit
similar behavior in terms of tensile and shear strengths. Still,
the delayed compressive strength demand due to the ductil-
ity of GPC concrete reduces its section ductility and energy
absorption capacity. For these reasons, it was determined
that the balanced reinforcement ratio in GPC beams should
be increased. In this case, larger sizes of GPC beams should
be produced compared to OPC beams to have similar bend-
ing strength and energy consumption properties to prevent
brittle fractures and maintain the upper limit of the rein-
forcement of 0.02. As a result, GPC concrete with low mod-
ulus of elasticity and high strain properties achieves similar
stress values to OPC concrete (o =E.¢). Although there is no
significant difference in strength, they differ in deflection.

« High Ductility and Delayed Response: The high materi-
al ductility of geopolymer concrete (GPC) causes a de-
lay in the compressive strength response due to deflec-
tion. This delay and increased curvature lead to tension
and shear collapses.

o Energy Depletion in Shear and Tensile Effects: The de-
layed pressure response on the beam's neutral axis caus-
es the beam's energy to be depleted in shear and tensile
effects before reaching maximum compressive strength.

o Consistency of Findings: All findings related to strength
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and deformation support each other. GPC and OPC
concrete exhibit similar behavior in terms of tensile and
shear strengths.

o Reduced Section Ductility: Due to the material ductil-
ity of GPC concrete, the delayed compressive strength
demand reduces its section ductility and energy absorp-
tion capacity.

o Balanced Reinforcement Ratio: The balanced reinforce-
ment ratio in GPC beams should be increased to achieve
bending strength and energy consumption properties
similar to those of OPC beams.

o Larger Beam Sizes: Larger GPC beams should be pro-
duced compared to OPC beams to achieve similar
bending strength and energy consumption properties.
This necessity arises because the modulus of elasticity of
GPC is lower, and the strain corresponding to the max-
imum compressive stress is more significant than that
of OPC concrete. Consequently, the flexural stiffness is
lower, leading to more deflection under bending.

o Stress and Strain Relationship: GPC concrete with a low
modulus of elasticity and high strain properties achieves
similar stress values to OPC concrete (0 = E.¢). Howev-
er, they differ in deflection despite similar strength.

o Flexural Reinforcement and Section Dimensions: In-
creasing the tensile reinforcement in GPC beams is nec-
essary to exhibit similar stiffness as OPC beams. How-
ever, merely increasing flexural reinforcement may not
suffice for the required stiffness due to regulatory limits.
Therefore, increasing section dimensions may be need-
ed for adequate flexural stiffness. This consideration is
based on calculations and is consistent with the results
of the material tests, even though some experiments
were terminated due to shear damage.

o Comparative Behaviour: Geopolymer concrete unit weight,
maximum compressive and flexural strengths, crack devel-
opment, and fracture patterns are similar to conventional
reinforced concrete structures. Deflection and ductility
values differ between GPC and OPC. GPC beams require
a higher balanced reinforcement ratio or larger section di-
mensions to achieve ductility, similar to OPC beams.

o Recommendations for Future Studies: Further studies
should be conducted better to understand the behavior of
geopolymer structural carrier system elements. This will
help optimize the use of GPC in structural applications
and ensure compliance with design standards. Addition-
ally, future studies should focus on flexural fractures of
beams to support and expand on the current findings.
As aresult, geopolymer concrete unit weight, maximum

compressive and flexural strengths, crack development,

and fracture patterns are similar to conventional reinforced
concrete structures. However, the deflection and ductili-
ty values are different in terms of behavior. Therefore, to
achieve similar ductility in the behavior of GPC and OPC
beams, the balanced reinforcement ratio or section dimen-
sions of GPC beams should be chosen to be larger than

OPC. Further studies on the subject should be increased

better to understand the behavior of geopolymer structural

carrier system elements.
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Concrete, due to its inherent brittleness, exhibits relatively low tensile strength. Fibers have
been used extensively to improve their mechanical properties as they helped to reduce the
crack width. Textile industries produce a lot of natural and synthetic fiber waste, which can
be utilized to produce better-performing fiber-reinforced concrete. Therefore, in this study,
a detailed experimental investigation has been carried out to study the compressive, tensile,
and flexural properties of the Kevlar and jute fiber reinforced concrete. Concrete specimens
with a mix design ratio of 1:1.43:1.89 and a water-cement ratio of 0.6 were cast. Jute fibers
with lengths of 10 mm, 15 mm, and 25 mm and three different concentrations of 0.1%, 0.25%,
and 0.5% by volume of concrete were used. In contrast, Kevlar fibers with lengths of 10 mm,
15 mm, and 20 mm and three different concentrations of 1%, 1.5%, and 2.5% by volume of
concrete were used. It was found that both Kevlar and Jute fibers contributed positively to-
wards controlling the crack initiation and propagation, suggesting using fibers in concrete for
enhanced mechanical properties and performance.

Cite this article as: Fareed, S., Zahid, B., & Khan, A. R. (2024). Mechanical properties of kevlar

and jute fiber reinforced concrete. J Sustain Const Mater Technol, 9(2), 128-137.

1. INTRODUCTION

Concrete is a brittle material exhibiting minor strains
and deficient tensile capacity. To reduce the effect of this
brittleness, incorporating short, discrete, discontinuous
fibers into the concrete matrix has become increasingly
popular [1]. The fibers used in concrete may be common-
ly classified as metallic, textile, and natural fibers [2]. The
metallic fibers in concrete include steel, amorphous, etc.
In contrast, textile and natural fibers include Kevlar, Jute,
coconut, palm tree, etc.

It has been a well-established fact that when concrete
is reinforced with short, discrete, and discontinuous fibers,
the addition of fibers results in the formation of bridges
across the crack, thus reducing the inherent brittleness as-
sociated with concrete. When the load is applied and cracks

*Corresponding author.
*E-mail address: asadkhan@neduet.edu.pk

are formed, the randomly oriented fibers arrest the crack
formation and propagation, thus improving strength and
ductility [3]. It has been observed that the cracks of tex-
tile-reinforced concrete are thinner than those of steel-rein-
forced concrete, making the surface more durable [4].

Textile-reinforced concrete originated from a German
institute focusing on Textile technology. The initial work on
textile-reinforced concrete structures began in the 1980s.
In 1982, the first patent for textile-reinforced concrete de-
sign was granted for transportation-related safety items
meant to be reinforced with materials other than steel. In
1996, two concrete canoes using textile reinforcement were
created by students of German University. In 1996, a boat
competition, Concrete Canoe Regatta, was held in Dres-
den, Germany, during which the textile-reinforced concrete
gained public attention [5].
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Walton and Majumdar [6] conducted an experimental
investigation to study the properties of cement composites
reinforced with Kevlar fibers under different curing con-
ditions. Based on the study, it was found that Kevlar-re-
inforced concrete specimens exhibited good strength and
ductility even in adverse environments.

Chaudhary conducted an experimental investigation to
study the mechanical properties of Kevlar fiber-reinforced
concrete (KFRC) [7]. For this purpose, KFRC, which has a
fiber content of 2%, 4%, 6%, 8%, 10%, 12%, and 14%, was
used in preparing concrete specimens. It was found that
with the increase in the Kevlar fiber, the concrete compres-
sive strength of up to 16% was observed.

Uchida et al. [8] also conducted an experimental inves-
tigation to study the mechanical properties of ultra-high-
strength fiber-reinforced concrete using aramid fibers. Ar-
amid fibers of different shapes and sizes were incorporated
into the concrete mixture to examine the properties of fresh
and hardened fiber-reinforced concrete. Based on the study, it
was found that the concrete reinforced with aramid fibers of 3
mm length and 3% fiber content had the highest compressive
and flexural strength when compared with different lengths
and concentrations of aramid fibers.

Zakaria et al. [9] carried out an experimental study to
examine the mechanical properties of jufiber-reinforced
concrete (JFRC). For this purpose, jute fibers with lengths
of 10 mm, 15 m, and 2 mm and three concentrations of
0.1%, 0.25%, 0.50%, and 0.75% were used to evaluate the
compressive, tens,ile, and flexural strength. The concrete
was prepared with two different ratios of cement/ sand/
brick chips (1:2:4, 1:1.5:3) and water/cement ratios (0.60
and 0.55). It was observed that for both ratios, the concrete
compressive strength increased for the case of the concrete
specimen having 15 mm jute fiber with 0.10% concentra-
tion. However, the concrete compressive strength decreased
when fiber lengths of 20 mm and 25 mm with a fiber con-
tent of 0.25, 0.50 and 0.75% were used.

Dayananda et al. [10] also investigate the behavior of
JERC. The specimens were prepared with jute fibers having
fiber concentrations of 0.5%, 1%, and 2% and were tested af-
ter 7, 28, 56, and 90 moist curings. It was observed that the
concrete compressive strength decreased with the increase in
the Jute content, and after 7 and 28 moist curing, the concrete
compressive strength of the JFRC specimen decreased with
the rise in jute content. However, the concrete compressive
strength of Jute fibers increased when specimens were cured
for 56 days, in the case of specimens with fiber contents of up
to 1%. This trend of increase in compressive strength again
shows a decline when the specimen was cured for 90 days.

Zhang et al. [11] investigated using jute fibers on the
mechanical properties of high-strength concrete. It was
observed that using the jute fibers in high-strength con-
crete proved to be efficient in reducing the micro-cracks
and porosity and delaying the initiation and crack propa-
gation. Kim et al. [12] investigated using regular strength
and high-fluidity concrete using jute fibers. It was found
that the influence of the use of the jute fiber was more
prominent in the high fluidity concrete compared to the

normal strength concrete when comparing compressive
and tensile strength. Razmi and Mirsayar [13] invested in
the fracture properties of JFRC specimens. Based on the
detailed experimental investigation, it was found that the
use of the jute fiber possesses a positive influence against
crack growth in addition to the improved compressive and
tensile splitting strength when compared with plain spec-
imens. Rahman and Azad [14] investigated the impact of
jute fiber length on the mechanical properties of concrete.
He concluded that jute fibers with a length of 10 mm were
most influential in increasing the concrete compressive
and tensile strength compared to the plain concrete speci-
mens. In contrast to the above findings, however, Faiq [15]
concluded the decremental pattern in concrete compres-
sive and tensile strength using the jute fibers.

Li et al. [16] investigated the influence of kevlar, carbon,
and hybrid fiber-reinforced concrete specimens under static
and quasi-static loading. It was found that using Kevlar fiber
with carbon fiber significantly improved both static and dy-
namic compressive strength of concrete specimens as com-
pared to when the specimens were prepared separately with
Kevlar and carbon fibers. Li et al. [17] also investigated the
influence of using Kevlar fibers in concrete specimens under
static and high-rate loading. They found that the specimens
prepared with 12 mm and 24 mm fiber lengths show simi-
lar static properties. However, under high rate loading, the
specimens prepared with fibers having 24 mm length exhib-
ited higher strain energies than those prepared with 12 mm
fibers. Konczalski and Piekarski [18] investigated the influ-
ence of Kevlar fibers on the tensile properties of ordinary
Portland cement and found that using Kevlar significantly
improves the elastic modulus and fracture energy.

Pakistan, whose economy is mainly boosted by the ex-
port of its textile products, has an abundance of textile-relat-
ed wastage, which, if not correctly recycled, goes to already
polluted landfills. Therefore, this investigation studies the
uniaxial compressive, splitting tensile, and flexural tensile
strength of Kevlar and JFRC. Furthermore, the influence of
jute and kevlar fiber lengths and percentage of fiber content
(by volume) on the properties of jute and KFRC was also
studied. As discussed above, few studies have focused on
using jute and Kevlar fibers in concrete.

2. MATERIALS AND METHODS

2.1. Kevlar Fiber Reinforced Concrete Specimens

The investigation presented herein aims to investigate
the mechanical properties (compression and tension) of
concrete reinforced with Kevlar fibers. For this purpose,
concrete was prepared with Kevlar, which has fiber lengths
of 10 mm, 15 mm, and 20 mm. Furthermore, to study the
influence of the fiber quantity on the mechanical properties
of concrete, three different concentrations of Kevlar fibers,
1%, 1.5%, and 2.5% concentration by volume of concrete
were used in concrete casting.

To study the behavior of KFRC under uniaxial compres-
sion and splitting tensile, cylinders having a diameter of 100
mm and height of 200 mm were used and tested as per C39
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Table 1. Constituents of concrete mix

Table 3. Chemical composition of cement

Constituent Quantity Component Content (%)
Water 272.4 kg/m? Lime (CaO) 60.9%
w/c ratio 0.6 Silica (SiO,) 20.8%
Coarse aggregates 858 kg/m’ Alumina (AL,O,) 5.1%
Fine aggregates 649 kg/m’ Iron Oxide (Fe,0,) 3.2%
Cement 454 kg/m’ Magnesia (MgO) 3%
Super plasticizer 222 mL Sulphur trioxide (SO,) 1.7%

Table 2. Physical properties of coarse and fine aggregates

Table 4. Properties of Jute yarn used in preparing concrete specimens

Properties Coarse aggregates Fine aggregates Parameters 3-Plied yarn
Loose density 1886 kg/m’ 2002 kg/m’ Diameter (mm) 0.1
Saturated bulk specific gravity 2.66 24 Weight (Ib) 0.27
Dry rodded density 1905 kg/m’ 2120 kg/m’ Spindle count (Ib / one spindle of 14400) 77
Absorption 0.78 0.968 Linear density (tex) 2651
Count (Ne) 0.22

and C496 ASTM Standards [19, 20], whereas prisms having TWl'St per inch (TPI) 1.87
a cross-section of 75 mm x 75 mm and length of 300 mm Moisture content (%) 276
were used to study the flexural behavior as per C78 ASTM ~ Moisture regain (%) 285
standard [21]. A total of sixty (60) cylindrical specimens, ~Force (N) 366
30 each for uniaxial compression and splitting tension, Extension (%) 6.04
were cast such that three specimens for concrete without — Stress value (N/ m?) 28152307
Kevlar fibers and a set of 3 for each fiber length and fiber  gtrain value 0.06
concentration. Similarly, 30 prism specimens with varying  gj,cic modulus (GPa) 0.46
percentages and concentrations of Kevlar fibers used for
compression and splitting tensiles were also cast and tested
under three-point bending. 35 -

The specimens used in this study were prepared with @Plain Concrete  W1% ©1.50% §2.50%
concrete with a mix proportion of 1:1.43:1.89 and a wa- 30 1
ter-to-cement ratio (w/c) of 0.6. The details of the concrete 25
mix are provided in Table 1. The concrete was prepared with 20 |

ordinary Portland cement coarse and fine aggregates. As
discussed above, percentages and concentrations were used
for specimens with Kevlar fibers. The physical properties of
coarse and fine aggregates and the chemical properties of the
ordinary Portland cement used in the study are provided in
Table 2 and Table 3, respectively. The Kevlar fibers used in
this study have a yarn count of 20/2 NeC, 1440 kg/m” tensile
modulus density, and tenacity of 70500 MPa and 2920 MPa,
respectively. All specimens were tested after 28 days of moist
curing as per ASTM standards [19].

2.2. Jute Fiber Reinforced Concrete Specimens

Uniaxial compression and splitting tension tests were
carried out per ASTM standards to study the mechanical
properties of concrete made with jute fibers. Cylinders with a
diameter of 100 mm and a height of 200 mm were used and
tested as per ASTM Standards.

The specimens were cast from concrete, having a mixed
proportion of 1:1.43:1.89 and a w/c of 0.6. Initially in yarn
or twine form, a locally available jute was used for preparing
concrete with three different yarn lengths of 10 mm, 15 mm,
and 25 mm and three different concentrations of 0.1%, 0.25%,
and 0.5%. In total, sixty (60) specimens were cast out of which

Average compressive strength (MPa)

15 4
10 4
5 4
0 4
0

Figure 1. Relationship exhibiting the influence of the fiber
volume and length on the average compressive strength of
KFRC specimens.

10mm 15mm
Fiber length

27 cylinders were used for uniaxial compression tests and 27
for the splitting tensile test. Three specimens were cast and
tested for each fiber length and volume after 28 days of moist
curing. Plain concrete specimens 3 for each compressive and
tensile testing were also used for comparison.

Two different types of jute yarn in twine were locally
available: 3-plied and 4-plied. The three plied twine yarns
were used in the experimental program, and their proper-
ties are provided in Table 4. The properties of the 3-plied
yarn were determined as per ASTM standards [14].
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Table 5. Average uniaxial compressive strength of KFRC
Fiber length Fiber length
0 10 mm 15 mm 25 mm 10 mm 15 mm 25 mm
Average concrete compressive % Increase w.r.t
strength (MPa) Plain concrete

Fiber percentage

0% 15.35 - - - - - -

1% - 19.8 27.5 253 28.70 79.3 65.1

1.50% - 28.1 26.3 24.0 829 71.3 56.5

2.50% - 27.3 18.1 24.8 77.8 18.1 61.6
Table 6. Average splitting tensile strength of KFRC

Fiber length Fiber length
0 10 mm 15 mm 25 mm 10 mm 15 mm 25 mm
Average splitting tensile % Increase w.r.t.
strength (MPa) Plain concrete

Fiber percentage

0% 1.81 - - - -

1% - 2.32 1.56 1.53 28.2 -13.8 -15.5

1.50% - 2.35 2.14 1.62 29.8 18.2 -10.5

2.50% - 2.30 1.63 2.72 27.1 -9.9 50.3

3. RESULTS AND DISCUSSION

Results of experimental investigations carried out
during the study on KFRC and JFRC are presented in terms
of uniaxial compressive strength, splitting tensile strength,
and flexural tensile strength.

3.1. Kevlar Fiber Reinforced Concrete Specimens

3.1.1. Compressive Strength

The concrete compressive strength of plain concrete and
KFRC specimens prepared with different fiber contents and
fiber lengths are shown in Figure 1. In general, the positive
influence of the use of the Kevlar fibers was observed on
the concrete compressive strength as the specimens hav-
ing Kevlar fibers exhibited higher compressive strength as
compared to the plain concrete without any fibers, irrespec-
tive of the fiber lengths and fiber content used in preparing
concrete specimens. An increase in concrete compressive
strength was observed in specimens with the increase in the
fiber contents for 10 mm long Kevlar fibers. In contrast, it
was the opposite for 15 mm fibers, as concrete specimen
strength decreased with increased fiber content. However,
when a fiber length of 25 mm was used, the effect of fiber
content was insignificant as almost similar strengths were
observed. Maximum strength was obtained when 10 mm
fibers were used at 1.5% content by volume. Strengths in a
similar range were observed for the cases of 10 mm fibers at
2.5% and 15 mm fibers at 1%.

Table 5 compares the concrete compressive strength of
specimens with 1%, 1.5%, and 2.5% Kevlar fibers concern-
ing the plain concrete specimens. Maximum strength gain

compared to plain concrete without fibers was 78% to 83%
for the cases mentioned in the preceding paragraph. This
shows a significant increase in the compressive strength of
KFRC, and it can be implied that Kevlar fibers can be used
in concrete to improve its stability.

Figure 2 shows the failure patterns exhibited by KFRC
specimens under uniaxial compression. It was observed
that, as expected, the plain concrete specimen under uniax-
ial compression exhibited excessive crushing before failure.
However, with the addition of Kevlar fibers, a significant
reduction in crushing was observed with the failure of the
specimen, resulting in the rupture of junk pieces from the
concrete specimen, as seen in Figure 2.

3.1.2. Splitting Tensile Strength

The experimentally exhibited splitting tensile strengths
of plain and KFRC specimens are shown in Figure 3. Figure
3 shows that, in general, KFRC specimens exhibited higher
splitting tensile strength than plain concrete specimens. It
was also observed that no definite relationship was demon-
strated between the fiber content and length of Kevlar fibers
on the tensile strength of the KFRC specimens.

It was further observed that the inclusion of the fibers
positively influences the splitting tensile strength of the
concrete for all the percentages of 10 mm long fibers, 1.5%
of 15 mm long fibers, and 2.5% of 25 mm long fibers. For
the case of 10 mm long fibers, the gain in splitting tensile
strength was similar, showing no effect on the percentage
of fibers used.

In addition to the strength, the inherent brittleness of
concrete was also improved as the inclusion of the fibers
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10mm
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25mm

1.5%

2.5%

Figure 2. Failure pattern exhibited by KFRC specimens made with different fiber content and fiber lengths under uniaxial

compression.

delayed the failure of the specimen, as several cracks
were observed before complete failure, reflecting the ef-
fectiveness of the Kevlar fibers used. The failure pattern
of the KFRC specimens under splitting tensile can be
seen in Figure 4.

Table 6 compares the concrete splitting tensile strength
of KFRC with 1%, 1.5%, and 2.5% Kevlar fibers concern-
ing the plain concrete specimens. Maximum strength gain
compared to plain concrete without fibers was 30% to 50%
for the cases mentioned in the preceding discussion. This
shows a significant increase in the splitting tensile strength
of KFRC, and the use of Kevlar fibers delayed the initiation
of cracking and, ultimately, the failure.

3.1.3. Flexural Tensile Strength

The flexural strengths of the plain concrete and KFRC
specimens are shown in Figure 5. It was found that Kevlar
fibers significantly reduced the concrete flexural strength,
irrespective of the fiber contents and fiber lengths used in
preparing the specimens when compared with the plain

@Plain concrete m1% O1.50% 52.50%

N
L

Average splitting tensile strength
(MPa)

(=1
L

0 10mm
Fiber length

15mm 25mm

Figure 3. Relationship exhibiting the influence of the fiber
volume and length on the average splitting tensile strength
of KFRC specimens.

concrete specimens. Only marginal gain in strength was
noted in the case of 25 mm fibers at 1% and 1.5% concen-
tration.
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1.5%

Figure 4. Failure patterns were exhibited by KFRC specimens made with different fiber content and fiber lengths under

splitting tensile.
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Figure 5. Relationship exhibiting the influence of the fi-
ber volume and length on the average flexural strength of
KFRC specimens.

Table 7 compares the concrete flexural strength of spec-
imens with 1%, 1.5%, and 2.5% Kevlar fibers concerning

the plain concrete specimens. In general, no significant in-
fluence of Kevlar fibers used in the study was observed on
the flexural strength of the specimens investigated when
compared with plain concrete specimens, except 25 mm
fibers specimens having fibers content of 1.0% and 1.5%,
in which a marginal increase of 2.7% and 4.9% respectively
was observed in the flexural strength. This is in contrast to
the splitting tensile strengths observed. This may be due to
the uneven distribution of Kevlar fibers during the casting
of specimens to be tested in flexure, as the gain in strength
and overall behavior of fiber-reinforced concrete depends
on the uniform distribution of fibers in concrete.

3.2. Jute Fiber Reinforced Concrete Specimens

3.2.1. Compressive Strength

The compressive strength of plain concrete and JFRC
specimens is shown in Figure 6. As can be seen, in general,
using the Jute fibers in concrete proved beneficial in in-
creasing the concrete compressive strength irrespective of
the fiber length and concentrations used in preparing the
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Table 7. Average flexural strength of KFRC

Fiber length Fiber length
0 10 mm 15 mm 25 mm 10 mm 15 mm 25 mm
Average flexural strength % Increase w.r.t
(MPa) Plain concrete
Fiber percentage
0% 225 - - - -
1% - 1.37 1.95 231 -39.1 -13.3 2.7
1.50% - 1.05 1.35 2.36 -53.3 -40.0 4.9
2.50% - 1.67 1.46 1.953 -25.8 -35.1 -13.3
Table 8. Average uniaxial compressive strength of JEFRC
Fiber length Fiber length
0 10 mm 15 mm 25 mm 10 mm 15 mm 25 mm
Average compressive strength Increase w.r.t
(MPa) Plain concrete
Fiber percentage
0% 14.82 - - - - - -
0.1% - 26.75 38.44 25.77 80.50 159.4 73.9
0.25% - 25.97 36.79 22.83 75.2 148.2 54.0
0.50% - 25.25 28.32 22.45 70.4 91.1 51.5
= o @Plainconcrete  W0.10%  00.25%  ©0.50%
B 40
g
£ 35 -
E 30
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Figure 6. Relationship exhibiting the influence of the fiber
volume and length on the average compressive strength of
JERC specimens.

specimens. However, the gain in strength reduces with the
increase in fiber content for all lengths. A maximum in-
crease in the concrete compressive strength was observed
for specimens with Jute fibers with a length of 15 mm at
all concentrations of fibers. Strength gain is reduced with
the increase in the percentage of fibers used. A similar
trend was observed when 10 mm and 25 mm fiber lengths
were used, with the highest strength at 0.1%. Reduction in
strength for 0.25% and 0.5% fibers was found to be mar-
ginal compared to 0.1% fibers, indicating that the influ-
ence of the percentage of fibers used is insignificant for 10
mm and 25 mm long fibers.

Table 8 compares the concrete compressive strength
of specimens with 0.1%, 0.25%, and 0.5% jute fibers con-

Figure 7. Typical failure pattern exhibited by (a) plain con-
crete and (b) JFRC specimens under uniaxial compression.

cerning the plain concrete specimens. Maximum strength
gain compared to plain concrete without fibers was 159%
to 148% for 15 mm long fibers at 0.1% and 0.25% fiber con-
tents, respectively. For fiber lengths of 10 mm and 25 mm,
gain in strength is in the range of 51% to 80%, which is less
than strength gain for 15 mm fibers but is still significant.
This significant increase in the compressive strength of
JFRC demonstrates that jute fibers can be used in concrete
to have performance in terms of compressive strength.

The increase in concrete compressive strength with the
inclusion of the Jute fibers may be attributed to the fact that
plain concrete specimens under uniaxial compression fail
due to excessive lateral deformations, resulting in concrete
crushing, as seen in Figure 7. However, the inclusion of the
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Table 9. Average splitting tensile strength of JERC
Fiber length Fiber length
0 10 mm 15 mm 25 mm 10 mm 15 mm 25 mm
Average tensile strength % Increase w.r.t
(MPa) Plain concrete
Fiber percentage
0% 2.01 - - -
0.1% - 3.47 3.12 3.46 72.6 55.2 72.1
0.25% - 3.66 2.35 2.78 82.1 16.9 383
0.50% - 2.85 3.79 3.28 41.8 88.6 63.2
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Figure 8. Relationship exhibiting the influence of the fiber
volume and length on the average splitting tensile strength
of JERC specimens.

Jute fibers controlled excessive lateral deformations. As such,
a higher magnitude of the force is required to fail the speci-
men, thus increasing the concrete compressive strength.

3.2.2. Splitting Tensile Strength

The splitting tensile strength of plain and JFRC spec-
imens is shown in Figure 8. In general, it was found that
with the addition of the Jute fibers, the splitting tensile
strength also increased irrespective of the length of fibers
and their percentages. However, no definite relationship
was observed between the fiber lengths and concentration
on the splitting tensile strength of concrete with the addi-
tion of the jute fibers.

For 10 mm long fibers, tensile strength was almost sim-
ilar, at 0.1% and 0.25%, while it decreased by 0.5%. For 15
mm and 25 mm long fibers, strength decreased at 0.25%
and then increased again at 0.5%. Strengths for 15 mm and
25 mm fibers were almost similar.

Table 9 compares the splitting tensile strength of speci-
mens with 0.1%, 0.25%, and 0.5% jute fibers concerning the
plain concrete specimens. Maximum strength gain com-
pared to plain concrete without fibers was 89% in 15 mm
fibers at 0.5%, followed by 82% in 10 mm fibers at 0.25%,
72.6 in 10 mm fibers at 0.1%, and 72.1% in 15 mm fibers at
0.1%. The minimum strength gain was 17% in 15 mm fibers
at 0.25%. Gain in splitting tensile strength followed a trend

- =

Figure 9. A typical failure pattern is exhibited by (a) plain
concrete and (b) JFRC specimens under tensile splitting.

similar to the one KFRC and again indicated that using Jute
fibers delayed the initiation of cracking in tension and, ul-
timately, the failure.

Figure 9 shows the typical failure pattern of plain con-
crete and JFRC specimens with different fiber content and
lengths under tensile splitting. As can be seen with the in-
clusion of the fibers, the number of cracks increases on the
surface, indicating that higher resistance to tensile cracking
was provided by the jute fibers used in concrete specimens,
which was delayed, and the cracks were fine and distributed.

4. CONCLUSIONS

The investigation presented aimed at studying the
behavior of JFRC and KFRC specimens under uniaxial
compression, splitting tension, and flexure. Based on the
detailed experimental investigation, it was observed that
adding Kevlar fibers increased the compressive, tensile,
and flexural strength of concrete specimens when com-
pared with plain concrete specimens. In this investigation,
the effect of the Kevlar and Jute fibers on the compressive
and tensile strengths was studied using varying lengths of
the fibers, the fiber content, and the volume of concrete.
Conclusions drawn from the study are as follows:

o The use of Kevlar and Jute fibers in concrete was
found to have a positive influence on the compres-
sive and tensile (splitting and flexural) strengths of
concrete.
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o For KFRC, fibers of 10 mm length performed better
under uniaxial compression and splitting tension.
No strength gain was noted in flexural tension for all
the fiber lengths and proportions. Therefore, using
10 mm long fibers at 1.5% content by volume is rec-
ommended for KFRC.

o For JFRC, fibers of 15 mm length performed better
under uniaxial compression, while fibers of 10 mm
and 15 mm length performed better-splitting tension.
Therefore, 10 mm and 15 mm long fibers at 0.1% con-
tent by volume are recommended for use in JFRC.

o Both Kevlar and Jute fibers contributed positively to-
wards controlling the crack initiation and propaga-
tion compared to plain concrete specimens, suggest-
ing using fibers in concrete for enhanced mechanical
properties and performance.
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This article highlights the crucial significance of upholding sterility in operating rooms (ORs)
to minimize infection risks and uphold patient safety. Putting a spotlight on the pivotal role
of antimicrobial coatings, the research delves into the examination of four frequently used
coatings—polyurethane, acrylic, alkyd, and epoxy—across various surfaces within ORs. The
study evaluates the antimicrobial properties of these coatings against 20 contaminant bacte-
ria, uncovering diverse impacts on different strains. While these coatings may not inherently
possess antimicrobial characteristics, formulations enriched with agents like 1,2-benzisothi-
azol-3(2H)-one (BIT) and 2-octyl-2H-isothiazol-3-one (OIT) demonstrate active resistance
against bacterial growth. The results highlight the efficacy of acrylic and epoxy coatings, spe-
cifically in impeding bacterial proliferation. These findings affirm the practical utility of anti-

microbial coatings in vital healthcare settings, providing valuable insights into their potential
to elevate hygiene, safety, and efficiency in ORs. The study advocates for ongoing exploration
of innovative coatings and antimicrobial agents, underscoring the importance of adhering to
cleaning protocols and healthcare regulations for optimal effectiveness.

Cite this article as: Coza, H. (2024) Evaluation of antimicrobial properties in coatings for
operating room surfaces. J Sustain Const Mater Technol, 9(2), 138-143.

1. INTRODUCTION

Creating and maintaining a sterile environment in an
operating room (OR) is paramount for reducing the risk
of infections and ensuring patient safety. Modern clean op-
erating rooms must meet specific requirements for layout,
floor, walls, and facilities, as well as selecting building mate-
rials and addressing hand washing room considerations [1].
The careful selection of building materials for the OR floor
and walls plays a crucial role, with a focus on incorporating
antimicrobial properties to enhance hygiene. Among the
preferred materials for the OR floor, certain types of vinyl
flooring are engineered with antimicrobial features, provid-
ing an easily cleanable and impermeable surface that resists

*Corresponding author.
*E-mail address: hcoza@pau.edu.tr

bacterial growth. Flooring, formulated with antimicrobial
agents, contributes to a durable and hygienic surface, resis-
tant to chemicals and easy to clean [2]. For the walls of the
OR, antimicrobial paints with additives inhibiting bacterial
and fungal growth are applied to enhance hygiene [2, 3].
Solid surface wall systems, such as non-porous and seam-
less wall panels, are chosen to prevent microbial growth,
offering ease of maintenance.

In the construction and maintenance ORs, the strate-
gic application of various coatings, such as polyurethane,
acrylic, alkyd, and epoxy, is essential to meet the specific
demands of this critical healthcare environment. Polyure-
thane coatings, prized for their durability and chemical
resistance, find utility in surfaces requiring robust protec-
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tion against chemicals and frequent cleaning, such as cab-
inets and medical equipment [4]. Acrylic coatings, known
for their quick drying time and versatility, may be chosen
for walls or ceilings in ORs where a fast-drying and easy-
to-apply solution is advantageous. With low odor and
toxicity, acrylic coatings contribute to a cost-effective and
aesthetically pleasing environment [5].

Alkyd coatings, being oil-based, are suitable for met-
al surfaces within the OR, offering reliable adhesion and
protection against corrosion [6, 7]. They are commonly
applied to metal components of furniture and medical de-
vices. Epoxy coatings, renowned for exceptional durability
and chemical resistance, are prevalent in ORs, particular-
ly on floors and walls. The impermeable surface created
by epoxy coatings resists chemicals, stains, and microbial
growth, meeting the stringent hygiene requirements of
operating rooms [8]. Each of these coatings plays a vital
role in enhancing the functionality, durability, and cleanli-
ness of different surfaces within the operating room, con-
tributing to the overall safety and efficiency of healthcare
practices. While not inherently possessing antimicrobial
properties, these coatings can contribute significantly to
creating a hygienic environment in ORs [9]. Some for-
mulations of coatings can be enriched with antimicrobi-
al agents like silver ions, imparting the surfaces with the
ability to resist the growth of bacteria and fungi actively
[10-12]. This is particularly advantageous when applied
to surfaces requiring frequent cleaning.

Establishing antimicrobial surfaces could be one of
the keys to helping prevent further contagious incidents
and breakouts. An antimicrobial surface must ensure that
pathogenic contamination is eliminated or lowered to a
minimum. Different antimicrobial agents are often added
to coating formulas to prevent microbial growth. There
are now various antimicrobial substrates on the market.
It is worthwhile investigating the efficacy and precision
of these products. Meanwhile, the use of antimicrobial
agents is expanding, as is research into their antibacterial
characteristics and components [11]. This study has de-
signed an experiment to test the antimicrobial properties
of polyurethane, acrylic, alkyd, and epoxy coatings. It has
been investigated whether the bacteria will survive or pro-
liferate, and if they don’t, how long will it take to be dimin-
ished on a surface coated with the substances. This study
has been conducted on four types of coatings, observing
20 types of contaminant bacteria.

2. MATERIALS AND METHODS

2.1. Materials

Four different types of coatings used frequently in
hospitals and ORs surfaces (polyurethane, acrylic, alkyd,
and epoxy) were purchased from commercial sources. The
information and the ingredients of the coatings investi-
gated are listed in Table 1. For evaluation of the surfaces
antibacterial effectivity 20 different microorganisms were
used (Table 2). The microorganisms were obtained from
ATCC culture collection.

2.2. Samples Preparation

Coatings were administered to four wooden panels
measuring 5x5 cm each and allowed to dry for a period of
10 hours at room temperature (Fig. 1). This procedure was
repeated three times. The panels were subsequently steril-
ized via autoclave, and bacterial suspensions were sprayed
onto the surfaces, left to dry at room temperature. Sampling
was conducted after 24 hours of bacterial attachment.

2.3. Evaluation of Antimicrobial Activity

For this research, a total of 20 diverse microorganisms
were employed to contaminate the four coated panels. Sub-
sequent to the contamination, the surface was allowed to
stand undisturbed for 24 hours before repeating the swab
sampling. The results were quantified as log kob/cm’
through the generation of serial dilutions with maximum
recovery diluent. These diluted samples were then inoc-
ulated onto plate count agar (tryptone glucose yeast agar
CMO0325, Oxoid). using the spread plate technique and in-
cubated at 37°C for 24 hours.

3. RESULTS AND DISCUSSION

This study aimed to evaluate and determine the dura-
tion of the antimicrobial effect of different coatings that
can be used operating rooms and hospitals. The data ob-
tained from polyurethane and acrylic, coated panels at the
end of 6 hours are shown in Table 3. The data obtained
from alkyd, and epoxy coated panels at the end of 6 hours
are shown in Table 4.

Examining the antibacterial properties of polyurethane,
acrylic, alkyd, and epoxy coatings reveals varying impacts
on different bacterial strains. Polyurethane coating is most
effective against Listeria monocytogenes 3b but less so
against Proteus mirabilis. Acrylic coating significantly re-
duces Staphylococcus aureus counts, while Salmonella typh-
imurium shows the least response. Alkyd coating strongly
affects Staphylococcus aureus but minimally impacts Meth-
icillin resistant S.aureus. In the case of epoxy coating, Strep-
tococcus epidermidis experiences the greatest reduction,
while Salmonella typhimurium exhibits a less pronounced
response. The coatings, ranked by their average percentage
reduction in bacterial counts across all tested strains, ex-
hibit varying levels of antibacterial efficacy. Acrylic coat-
ing leads with an impressive average reduction of 94.26%,
followed closely by Alkyd and Epoxy coatings at 90.79%
and 90.58%, respectively. In contrast, Polyurethane coat-
ing shows a somewhat lower average reduction at 74.79%.
Based on the polyurethane ingredient list, it appears that
the antibacterial properties of polyurethane coating may
not be directly attributed to the listed components. The
primary antibacterial effects might be due to the physical
characteristics of the coating or other factors not explicitly
mentioned in the provided ingredient list.

The Acrylic ingredient list contains antimicrobial agents
such as 1,2-benzisothiazol3(2H)-one (BIT), Zinc Pyrithi-
one [13], and 2-octyl-2H-isothiazol-3-one (OIT). These
components likely contribute to the observed antibacterial
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Table 2. Bacterial cultures used in antimicrobial analysis

Microorganism Gram type
E.coli Gram negative
E.coli 0157 Gram negative

Bacillus subtilis

Bacillus cereus

Staphylococcus aureus
Methicillin resistant S.aureus
Vancomycin resistant Enterococcus faecium
Streptococcus epidermidis
Listeria monocytogenes 3b
Salmonella enteritidis
Salmonella typhimurium
Campylobacter jejuni
Geobacillus stearothemophilus
Shigella flexneri

Cronobacter sakazakii
Pseudomonas aeruginosa
Proteus mirabilis
Acinetobacter baumanii
Vibrio parahemolyticus
Yersinia enterocolitica

Gram positive
Gram positive
Gram positive
Gram positive
Gram positive
Gram positive
Gram positive
Gram negative
Gram negative
Gram negative
Gram positive
Gram negative
Gram negative
Gram negative
Gram negative
Gram negative
Gram negative
Gram negative

Epoxy

A0 R TRARA T
VRN R &

Figure 1. Polyurethane, acrylic, alkyd, and epoxy coated
panels.

Table 3. Bacterial growth dynamics on polyurethane and acrylic surfaces over time

Polyurethane Acrylic
Bacteria name Initial Logarithmic 2.h 4.h 6.h 2.h 4.h 6.h
count level
E.coli 8200000 6.913813852 3700000 37000 3700 990000 9900 990
E.coli 0157 6900000 6.838849091 6600000 66000 6600 820000 8200 820
Bacillus subtilis 3000000 6.477121255 2300000 23000 2300 850000 8500 850
Bacillus cereus 5500000 6.740362689 2500000 25000 2500 220000 2200 220
Staphylococcus aureus 6300000 6.799340549 2200000 22000 2200 760000 7600 760
Methicillin resistant S.aureus 6800000 6.832508913 6400000 64000 6400 100000 1000 100
Vancomycin resistant Enterococcus faecium 8900000 6.949390007 2200000 22000 2200 680000 6800 680
Streptococcus epidermidis 5400000 6.73239376 7800000 78000 7800 260000 2600 260
Listeria monocytogenes 3b 6900000 6.838849091 2800000 28000 2800 700000 7000 700
Salmonella enteritidis 1000000 3900000 39000 3900 460000 4600 460
Salmonella typhimurium 9200000 6.963787827 9100000 91000 9100 510000 5100 510
Campylobacter jejuni 5700000 6.755874856 7000000 70000 7000 260000 2600 260
Geobacillus stearothemophilus 6100000 6.785329835 9500000 95000 9500 770000 7700 770
Shigella flexneri 4800000 6.681241237 4300000 43000 4300 390000 3900 390
Cronobacter sakazakii 1400000 6.146128036 1500000 15000 1500 160000 1600 160
Pseudomonas aeruginosa 1700000 6.230448921 5900000 59000 5900 580000 5800 580
Proteus mirabilis 700000 5.84509804 2200000 22000 2200 820000 8200 820
Acinetobacter baumanii 3900000 6.591064607 6900000 69000 6900 430000 4300 430
Vibrio parahemolyticus 5100000 6.707570176 5000000 50000 5000 640000 6400 640
Yersinia enterocolitica 8200000 6.913813852 3900000 39000 3900 540000 5400 540

properties of the Acrylic coating. The concentrations men-
tioned suggest a careful formulation to provide effective
antimicrobial action while minimizing potential adverse
effects. BIT is a commonly utilized biocide applied to in-
dustrial products with broad antimicrobial activity [14, 15].
BIT has been shown to react with thiol-containing pro-
teins on target microorganisms and is especially effective
against actively metabolizing bacteria [16, 17]. It is widely
used in food packaging, industrial and consumer products

like adhesives, laundry and dish detergents, cleaning and
disinfectants, air fresheners, personal care products and
sunscreens, paints, and industrial lubricants [18, 19]. OIT
is a coordination complex of isothiazolone and has antibac-
terial and fungicidal properties [20]. It is used as a biocide
in cooling-tower water, paints, cutting oils, cosmetics, and
shampoos, and for leather preservation [20]. According to
a CLH report published by the Chemicals Regulation Di-
vision United Kingdom, 2-octyl-2H-isothiazol-3-one ex-



142

J Sustain Const Mater Technol, Vol. 9, Issue. 2, pp. 138-143, June 2024

Table 4. Bacterial growth dynamics on alkyd and epoxy surfaces over time

Alkyd Epoxy
Bacteria name Initial Logarithmic 2.h 4.h 6.h 2.h 4.h 6.h
count level
E.coli 8200000 6.913813852 610000 6100 610 64000 640 64
E.coli 0157 6900000 6.838849091 880000 8800 880 59000 590 59
Bacillus subtilis 3000000 6.477121255 630000 6300 630 18000 180 18
Bacillus cereus 5500000 6.740362689 870000 8700 870 60000 600 60
Staphylococcus aureus 6300000 6.799340549 250000 2500 250 99000 990 99
Methicillin resistant S.aureus 6800000 6.832508913 330000 3300 330 65000 650 65
Vancomycin resistant Enterococcus faecium 8900000 6.949390007 320000 3200 320 75000 750 75
Streptococcus epidermidis 5400000 6.73239376 550000 5500 550 44000 440 44
Listeria monocytogenes 3b 6900000 6.838849091 370000 3700 370 94000 940 94
Salmonella enteritidis 1000000 470000 4700 470 32000 320 32
Salmonella typhimurium 9200000 6.963787827 100000 1000 100 25000 250 25
Campylobacter jejuni 5700000 6.755874856 690000 6900 690 95000 950 95
Geobacillus stearothemophilus 6100000 6.785329835 380000 3800 380 58000 580 58
Shigella flexneri 4800000 6.681241237 840000 8400 840 76000 760 76
Cronobacter sakazakii 1400000 6.146128036 530000 5300 530 67000 670 67
Pseudomonas aeruginosa 1700000 6.230448921 400000 4000 400 25000 250 25
Proteus mirabilis 700000 5.84509804 220000 2200 220 91000 910 91
Acinetobacter baumanii 3900000 6.591064607 250000 2500 250 29000 290 29
Vibrio parahemolyticus 5100000 6.707570176 530000 5300 530 84000 840 84
Yersinia enterocolitica 8200000 6.913813852 220000 2200 220 24000 240 24

hibited strong antibacterial activity against Escherichia coli,
Staphylococcus aureus, and Pseudomonas aeruginosa [21].

Alkyd coating is composed of a blend of hydrocarbons,
titanium dioxide, xylene, and a zinc salt. Although hydro-
carbons and titanium dioxide may not exhibit direct anti-
bacterial properties, the inclusion of xylene [22] and the
zinc salt [23, 24] suggests a potential contribution to the
observed antibacterial effects. The overall performance of
the coating is likely influenced by the specific formulation
and interactions among these components.

The epoxy coating contains a mix of components, in-
cluding some with potential antimicrobial properties. How-
ever, the overall antibacterial efficacy is likely influenced by
the combination and interactions of these components.
Based on this information, none of these materials are in-
herently antibacterial and they all require proper care and
maintenance to keep them hygienic. Some products may
claim to have antibacterial features, but they may not be ef-
fective or long-lasting. Therefore, it is important to follow
the manufacturer's instructions and use suitable cleaners
for each material. A substantial proportion of antimicrobial
coatings finds widespread use in the construction industry,
particularly in the creation of both interior and exterior
coatings designed to provide protection against microbi-
al threats. There is a projected significant increase in the
demand for antimicrobial coatings, especially in sectors
such as hospitals, operating rooms, nursing homes, day-
cares, and other medical applications where maintaining
a stringent standard of hygiene is imperative [11, 25]. In
these crucial environments, the common practice involves
integrating various antimicrobials into paint formulations
to enhance the resilience of products against potential mi-
crobial attacks. Antimicrobial agents play a crucial role in

reducing the likelihood of microbial growth on coated sur-
faces, thereby ensuring a hygienic and sterile environment
in medical settings [26-28]. While selecting these coatings,
consideration of their compatibility with cleaning proto-
cols, surface types, and adherence to healthcare regulations
is crucial. Collaborating with infection control experts en-
sures that these coatings contribute effectively to the overall
hygiene and safety standards of the operating room. Regu-
lar cleaning and disinfection practices further enhance the
antimicrobial efficacy of these coatings, collectively fortify-
ing the OR against potential infections.

4. CONCLUSION

This study investigated the pivotal role of antimicrobial
coatings—polyurethane, acrylic, alkyd, and epoxy—in cul-
tivating a hygienic environment within operating rooms
and hospital settings. Applied strategically across diverse
surfaces, these coatings significantly contributed to over-
all functionality, durability, and cleanliness, enhancing
healthcare safety and efficiency. The experimental assess-
ment of antimicrobial properties against 20 contaminant
bacteria yielded noteworthy results. While the coatings
may not inherently possess antimicrobial traits, formula-
tions enriched with agents like BIT and OIT demonstrat-
ed active resistance against bacterial growth, emphasizing
their potential in promoting hygiene. Results showed vary-
ing degrees of antimicrobial efficacy, with acrylic and ep-
oxy coatings particularly excelling in inhibiting bacterial
proliferation. The incorporation of antimicrobial agents
notably enhanced the coatings ability to create surfaces
resilient to microbial growth, highlighting their practical
applications in critical healthcare settings like ORs.
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1. INTRODUCTION

ABSTRACT

The construction industry has become the focal point of sustainability as one of the largest con-
sumers of natural resources and waste producers. A sustainable construction industry is possible
with the sustainability of building materials, which is the main factor controlling the construc-
tion management process. In this research, the importance levels of a total of 17 criteria under
the headings of economic, environmental, and social sustainability in terms of sustainability of
building materials and the importance levels of 11 obstacles to the use of sustainable materials
were investigated through a survey conducted with the participation of 60 people. Whether
there were differences between the participants’ opinions was investigated through inferential
analysis. In ranking criteria according to their importance level, the health of workers and cit-
izens, safety in construction and operation, and toxic emissions took the first three places. The
risks of higher initial cost, total cost, and extra time are the biggest obstacles to using sustainable
materials. In addition, the obstacles were subjected to factor analysis, and a model consisting
of four factors was created. The study revealed the criteria for sustainable material selection
and the barriers to sustainable material use in a holistic manner. In this respect, it is evaluated
that it will be a guide for governments, local governments, building material manufacturers,
designers, contractors, and ultimately users to achieve a more sustainable construction sector.
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criteria in selection of sustainable building materials and obstacles in their use. ] Sustain Const
Mater Technol, 9(2), 144-158.

tural areas, global warming and acid rain, desertification,
and the destruction of the ozone layer [2, 3]. In addition

The world population, estimated to be around 600 mil-
lion in the 1700s [1], today exceeds 8 billion. This insane
population growth and the accompanying industrial rev-
olution have led to an uncontrolled development process
focused on unlimited production and consumption. This
process has put significant pressure on the environment. It
has created major environmental problems such as the rap-
id depletion of natural resources, pollution of air, water, and
soil, the spread of chemicals and heavy metals throughout
the environment, the destruction of forests and agricul-
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to these environmental problems, the rapidly increasing
population, which cannot be satisfied in the countryside,
has piled up in cities to work. This has led to unmanage-
able and unplanned urban growth [4]. Cities have become
potential centers for many social, environmental, and eco-
nomic problems, such as inequality, unemployment, pov-
erty, inadequate infrastructure and services, traffic chaos,
violence, crime, and disease [5, 6]. This economic develop-
ment model has been based on people’s desire to continu-
ously raise their living standards without limits, on a policy
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of unlimited production and overconsumption of natural
resources, and on destroying the basis of life of living be-
ings. The World Commission on Environment and Devel-
opment (WCED) report “Our Common Future,” published
in 1987, emphasized the need to change this model. The
report contended that sustainable development should en-
compass apparent consideration and definition of the so-
cial, economic, and ecological facets, defining it as fulfill-
ing present needs while safeguarding the capacity of future
generations to fulfill their own [7].

Buildings, particularly in urban areas, are significant
consumers of energy and natural resources, contributing to
air, water, and soil pollution through waste generation [8].
The statistics reveal that buildings account for 45% of global
energy consumption and 50% of water usage. Additionally,
they are responsible for 23% of urban air pollution, 50% of
greenhouse gas emissions, 40% of water pollution, and 40%
of solid waste generation [9]. These alarming figures have
prompted initiatives to enhance the sustainability of the
construction industry as a whole and individual buildings.
“sustainable design” and “sustainable architecture” have
emerged to systematically solve the environmental, social,
and economic problems associated with our built environ-
ment and buildings. Sustainable design is defined as the de-
sign of products, services, and the built environment by the
principles of social, economic, and environmental sustain-
ability, that is, in a way that serves both present and future
generations to achieve a healthy and quality life [10]. On the
other hand, sustainable architecture is designing sustainable
buildings to reduce the total environmental impact during
the entire life cycle, from the production of building mate-
rials to the construction, use, and demolition of the build-
ing [11]. The goal of sustainable architecture is to create
buildings that are sensitive to their environment, minimize
the destruction of nature, use all-natural resources such as
energy, materials, water, and land most economically and
efficiently [12] and expresses an approach that adapts to the
surrounding nature, climate, society, and culture [13].

The first and essential condition for producing sustain-
able architectural works is the selection of sustainable ma-
terials [14-16]. Research shows that by selecting construc-
tion materials compatible with sustainability principles, for
example, CO, emissions can be reduced by up to 30% [17].
Otherwise, efforts to build sustainable buildings will be in-
effective [14, 18, 19]. On the other hand, the material selec-
tion process is very challenging and complex since building
materials are the main factor affecting many criteria expect-
ed from a building, such as being safe, economical, durable,
aesthetic, and functional. With the addition of sustainabil-
ity in this process, sustainable material selection becomes
one of the most challenging tasks in a building project [20].
This situation necessitates a good understanding of the rela-
tionship between sustainability and building materials, and
this study was carried out to serve this purpose.

The study highlights the significance of environmental,
social, and economic factors impacting building material
sustainability alongside barriers to their adoption. It as-
sessed 17 criteria covering these sustainability aspects and

identified 11 obstacles to material use in Tiirkiye. Further-
more, factor analysis categorized these barriers into com-
mon groups. The data collected through the questionnaire
study were obtained from 60 people with different demo-
graphic characteristics, including engineers and architects,
real estate workers and contractors operating in the con-
struction sector, and faculty members working in related
faculties. In the research, inferential analyses were obtained
with T and Anova Tests, and the barriers in selecting sus-
tainable materials were tested by factor analysis. In the last
stage, all criteria’ Index of Relative Importance (IRI) was
determined. This research is vital in ranking the require-
ments for sustainable material selection in Tiirkiye, identi-
fying the barriers, and selecting the similarities or differenc-
es between the criteria choices of participants with different
demographic characteristics. Unlike previous studies that
only focused on criteria selection or barriers, a holistic ap-
proach was used by including the participants’ demograph-
ic characteristics. It also aims to fill the gap in the literature
by conducting research with participants in Tirkiye.

Within the scope of the study’s design, the relationship
between sustainable architectural design and sustainable
materials is examined in section 2, and previous studies in
the literature are reviewed. In section 3, the study materi-
als and methods are presented, the findings are evaluated,
and the results are discussed in section 4. Considering that
sustainability is closely related to the local, the study is
critical primarily because it was conducted in Tiirkiye. On
the other hand, unlike the literature, the study analyzed
the participants’ views according to their demographic
characteristics and created a model for the barriers to us-
ing sustainable materials. In these respects, the study will
make a significant contribution to the literature, and the
results of the study will be a guide for efforts to make the
construction sector more sustainable.

2. THEORETICAL FRAMEWORK AND STUDIES IN
THE LITERATURE

As hybrid and electric cars are changing the automo-
bile industry, sustainable architecture is changing the con-
struction industry [21]. According to Bourdeau (1999), the
main characteristics of a sustainable architectural product
are meeting human health and comfort at the highest level,
aiming to improve the quality of human life, being energy
and resource-efficient, protecting biodiversity, minimizing
waste production, longevity, and using recycled and recy-
clable materials [22]. Sustainable housing offers many ben-
efits, such as improving quality of life and property value,
ensuring affordability, fostering human development, re-
ducing natural disaster risks, and encouraging sustainable
urban growth [23]. In the framework developed by Kim
and Rigdon (1998) as a guideline for sustainable design,
three basic principles of “Economy of Resources, Life Cycle
Design, and Humane Design” and strategies and methods
related to these principles have been developed. The rela-
tionship between sustainability and building materials has
been examined through these principles (Table 1) [24].
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Table 1. Sustainable design framework [24]

Principles
Economy of resources Life cycle design Humane design
Strategies
Energy conservation Prebuilding phase Preservation of natural conditions
Water conservation Building phase Urban design / Site planning
Material conservation Post building phase Design for human comfort
Methods

2.1. The Principle of the Economy of Resources

Covering only 2% of the world’s landmass, cities con-
sume 75% of resources, producing greenhouse gas clouds
and billions of tons of solid and toxic waste. For example,
125 times the area of London is required to re-supply the
resources consumed [25]. The principle of resource conser-
vation, which was developed in response to this excessive
human consumption, aims to reduce the use of non-renew-
able resources and ensure their conservation throughout
the life cycles of buildings consisting of design, construc-
tion, construction, and demolition. The objectives of sus-
tainable building design include reducing resource inputs,
recycling resource outputs, and reducing environmental
pollution through effective waste management [26].

The principle of resource conservation consists of
methods related to energy, water, and material conserva-
tion strategies [24]. The energy conservation strategy aims
to use more renewable energy throughout the building life
cycle [27]. When the relationship between energy conser-
vation and building materials is examined, it is seen that
both the energy consumed during the production, trans-
portation, and transformation of building materials and the
contribution of materials to energy saving during the use of
the building should be addressed. Energy is inevitably used
to process all building materials [28]. There is a vast dif-
ference between the energy used to build a house made of
locally available material, such as adobe or rammed earth,
and the energy used to create a steel construction house. In
sustainable design, it is essential to use materials that re-
quire less energy to produce and transport [29]. Within the
framework of energy conservation, Kim and Rigdon (1998)
recommend the use of materials with low embodied ener-
gy; the selection of materials that require little energy for
their production, transportation, maintenance, and repair
and are obtained from local sources; attention to insulation
materials used to reduce heat gains and losses; and the use
of energy-saving materials in systems such as heating, cool-
ing, air conditioning, and lighting [24].

In addition to the increase in world population, per
capita water use, industrial and production activities, and
urbanization, the decrease in precipitation and change in
precipitation regimes due to climate change put the world’s
freshwater resources under tremendous pressure [30]. For
example, Tirkiye’s water per capita has decreased from
4,000 m® to 1,500 m® in the last 20 years. Tiirkiye’s popu-
lation is expected to reach 100 million in 2030. With the
decrease in precipitation, Tiirkiye is expected to approach

the category of water-poor countries with a per capita water
amount of 1100 m® [31]. The water conservation strategy
aims to reduce the amount of water buildings use through-
out their life cycle. Just like in energy, there is also embed-
ded water for building materials. It is possible to define em-
bodied water as water consumed during the cultivation and
extraction of raw materials for building materials, manu-
facturing and transportation of products, and construction.
Research shows that most of this water (92%) is consumed
for material production [32]. For 1 m® of concrete, the em-
bedded water reaches 11 tons; for 1 m? of glass with a thick-
ness of 4 mm, 3.4 tons; and for 1 m® of timber, 20.1 tons
[33]. These figures indicate the importance of water conser-
vation in selecting building materials.

Material conservation is crucial to ensure that the de-
sign meets sustainability criteria. It is vital for sustainabili-
ty that building materials are durable, easy to maintain and
maintain, recycled, and recyclable [34]. According to Sta-
hel (1990), materials should be recyclable, reusable, locally
sourced, produced outside extensive centralized facilities,
and positively impact user health and comfort level [29].
They prefer materials that have a long lifetime and are easy
to maintain, resulting in less need for renovation. In this way,
problems such as the embedded energy and water required
to produce the new material, carbon dioxide emissions
during manufacturing, local environmental impact due to
raw material extraction, and pollution during the transpor-
tation and processing of the material are avoided [28].

2.2. The Principle of Life Cycle Design

The principle of life cycle design is based on the trans-
formation of resources from one form in which they are
helpful to another in which they can be useful so that their
useful life continues without ever ending. Materials are
considered one of the most critical inputs to the life cycle
process. All stakeholders, from owners to designers, con-
tractors to users, should seek assurance that the materials
used in buildings are the best materials for the environment
on a “cradle to grave” basis. Under ideal conditions, it is part
of the process that buildings are built with materials from
recycling other buildings and are recyclable. However, it is
naturally impossible to design an utterly closed building life
cycle that eliminates the need for new materials. However,
adhering to life cycle principles means reducing the con-
sumption of energy, water, and resources required to pro-
duce new materials and reducing the production of solid
waste and harmful emissions. The life cycle design principle
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comprises pre-building, building, and post-building phases
[24]. The building design is realized in the pre-building
phase, and the selected materials are evaluated regarding
their environmental impact. In this phase, the raw mate-
rials should consist of renewable resources, environmen-
tally harmless materials with low embodied energy and
water, and long-lasting and durable materials requiring
less replacement and maintenance. The building phase is
concerned with the environmental, social, and economic
impacts that arise during the transformation of materials
into manufacturing using labor. This phase aims to estab-
lish a waste management system that includes collecting
and recycling material waste. Care is also taken to ensure
that building materials and materials used during manu-
facturing, such as adhesives and binders, do not contain
toxins that could harm the health of construction workers
and users. In the post-building phase, the aim is to recycle
materials after the end of the useful life of the building, thus
reducing the use of new natural resources and energy.

2.3. The Principle of Humane Design

The first two principles prioritize efficiency and conser-
vation, while the design principle for people encompasses
the entire ecosystem, including individuals, plants, and
wildlife [24]. Research indicates that the quality of the en-
vironment influences people’s health, well-being, economic
prosperity, and lifestyle [35]. Making sustainability viable
involves aligning it with people’s needs and cultural values
[36]. The strategies within this principle involve conserv-
ing natural environments, urban design, and designing for
human comfort [24]. Sustainable selection of building ma-
terials can help preserve the natural ecosystem and protect
vulnerable areas [37]. Designing buildings in harmony with
their environment, considering topography, climatic data,
and natural and artificial elements aids in selecting materi-
als correctly, prolonging their service life, using them effec-
tively, and avoiding unnecessary labor and costs [38]. Urban
design and land planning strategies involve transitioning
from building to city scale, requiring materials that respect
local characteristics [24]. The design strategy for human
comfort focuses on interior spaces, where people spend 70%
of their lives selecting materials to enhance thermal, visual,
and auditory comfort. Proper thermal insulation materials
reduce mechanical heating and cooling systems, while uti-
lizing natural light reduces the need for additional lighting,
promoting healthy biorhythms [39]. Additionally, materials
used in door, window, and wall systems play a crucial role in
providing auditory comfort by mitigating noise.

2.4. Studies in the Literature

Studies in the literature reveal that more importance
should be given to selecting sustainable materials. A study
conducted in Tiirkiye concluded that using sustainable
materials and building elements is insufficient even in
LEED-certified projects [40]. Therefore, it seems appro-
priate to investigate the crucial factors in using sustainable
materials and their barriers. There are a limited number of
studies on this issue in the literature. Akadiri (2015) exam-
ined the main barriers to selecting sustainable building ma-

terials in Nigeria. A survey conducted among professionals
in the construction sector showed that the most critical
barriers to selecting sustainable materials are the percep-
tion of extra cost and the need for knowledge of sustainable
materials [41]. Kuppusamy et al. [42] concluded that the
main barriers to using green building materials in Malaysia
are high cost, lack of awareness, and lack of rules and regu-
lations. The solutions are reducing the cost of green build-
ing materials and organizing education and training cam-
paigns. In a similar study, Mohsin and Ellk (2018) found
problems between designers’ environmental awareness in
building construction and realistic implementation due to
administrative and technical reasons [43]. Dinh et al. [44]
identified 11 obstacles to integrating sustainability criteria
into material selection in Vietnam, one of the developing
country examples. They concluded that four are of “high”
importance. Mewomo et al. [45] evaluated sustainable
building materials through 25 barriers they created. In the
study, lack of awareness and knowledge, lack of local au-
thority and government involvement, insufficient funding
for research and development and education and training,
lack of understanding of the net benefit, lack of qualified
personnel or practitioners, and lack of building codes and
regulations on innovation were considered as the most crit-
ical barriers. In their study, Gounder et al. [46] aimed to
identify the main barriers to using sustainable materials in
Australia. Using the relative importance index, exploratory
factor analysis, and multinomial logistic regression analysis
as research methods, the study reveals that the critical bar-
riers to the use of sustainable materials are related to cost
and profit considerations, the reluctance of key stakeholders
to include these materials in construction projects, lack of
incentives and government policies. In another study con-
ducted in Nigeria, Eze et al. [47] identified resistance and
information barriers, regulation and financing challeng-
es in research and development, cost and market hurdles,
insufficient government incentives, limited supplier avail-
ability, and barriers to expertise and labor as the primary
obstacles hindering the adoption of sustainable materials.

Danso (2018), in his study on the determination of
sustainability criteria, determined criteria by evaluating
building materials based on their economic, social, and
environmental sustainability [48]. Dinh et al. [44] ranked
18 criteria according to their importance. As a result of the
research, it was concluded that the most crucial criterion
is material price. Al-Atesh et al. [49] evaluated the criteria
for sustainable building materials. Within the scope of the
study, 29 criteria were ranked according to their importance
with AHP. As a result of the research, it was concluded that
environmental and economic criteria are more important
than social criteria. When previous academic studies are
evaluated, there has yet to be a consensus on the criteria
for sustainable building materials selection and the barriers
in this regard. It is seen that the barriers to the selection of
sustainable materials vary from country to country and can
also differ according to the opinions of the participants. In
all these respects, there is a need for much more studies on
the subject, especially on a national scale.
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Figure 1. Demographic features of the participants.

3. MATERIAL AND METHODS 4. RESULTS

Dinh et al. [44] examined sustainable material selec-
tion and barriers to sustainable material use in Vietnam.
In the study, it was seen that the criteria were determined
based on a comprehensive literature study and existing
criteria related to sustainability. Since Vietnam is a de-
veloping country, Vietnam has economic characteris-
tics similar to Tiirkiye, so the scale used by Dinh et al.
[44] was utilized in this study. Participants were asked
to evaluate the importance levels of 17 criteria under the
headings of environmental, social, and economic sustain-
ability in terms of sustainability of building materials and
the importance levels of 11 barriers to using sustainable
materials. The evaluations used a 5-point Likert scale
(1- Not important, 2- Slightly important, 3- Average im-
portant, 4- Very important, and 5- Very important). The
survey was conducted with 60 participants with different
demographic characteristics, and the collected data were
analyzed using SPSS 29.0 (Statistical Package for Social
Sciences) (SPSS, 2023). Descriptive analyses were made
about the scales according to the characteristics of the
participants. In the study, the reliability of the scales was
also tested, and inferential analyses were made with in-
dependent sample T-Tests andT-testsTests after checking
the normality of the data. The Index of Relative Impor-
tance (IRI) of all criteria was determined. In the last stage,
to better understand the barriers to sustainable material
selection, factor analysis was performed, factor weights
were determined, and a model was created.

4.1. Demographic Findings

Demographic findings of the participants were obtained
through descriptive analysis. Descriptive analysis expresses
and summarizes a data set in quantitative numerical val-
ues or counting or ranking values in quantitative or graph-
ic form [50]. Demographic findings of the participants are
given in Figure 1. Accordingly, 62% of the participants were
male. All the participants, who were predominantly (43%)
between the ages of 20 and 29, were selected from those
with a university education level or higher, as it was thought
that they could better evaluate the issue of sustainability. In
terms of work experience, more than half of the respon-
dents have 0-10 years of experience, while 22% have more
than 20 years of experience. When engineers and architects,
real estate sector employees and contractors included in the
service sector employees and self-employed, and faculty
members working in related faculties are evaluated togeth-
er, it is possible to say that almost all the participants are
related to the construction sector.

4.2. Descriptive Statistics and Reliability Analysis

Results of the Scales Used

The results of descriptive statistics and reliability coefhi-
cients of the scales used in the research are given in Table 2.
The questions were 3.65, 3.86, 3.90, and 3.65 for economic,
environmental, and social criteria and barriers to sustain-
able material use, respectively. As can be seen in the table,
the reliability values of the scales were above the 0.5 limit
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Table 2. Descriptive statistics and reliability values of the scales

Variable N Item number Item mean Item min. Item max. C. Alpha
Economic criteria 60 5 3.653 3.067 4.100 0.649
Environmental criteria 60 8 3.867 3.483 4.300 0.813
Social criteria 60 6 3.904 3.317 4.367 0.552
Barriers 60 11 3.652 3.100 4.033 0.789
Table 3. Mean and standard deviation values of the criteria

No Criteria N Mean SD
Ecl Material price 60 4.1000 0.72952
Ec2 Material handling cost 60 3.7667 0.87074
Ec3 Cost during the construction phase 60 3.6000 1.21013
Ec4 Cost in operation and maintenance phase 60 3.7333 1.05552
Ec5 Cost further ing demolition phase 60 3.0667 1.19131
Econmean 60 3.6533 0.65062
Enl Energy consumption 60 3.6667 1.14487
En2 Water consumption 60 3.4833 1.15702
En3 Global warming 60 3.6500 1.20486
En4 Waste production management 60 3.8667 1.06511
En5 Toxic emissions 60 4.3000 0.94421
Ené6 Depletion of natural resources 60 4.0667 0.95432
En7 Acidification of soil and water 60 4.1167 0.99305
En8 Potential for recycling and reuse 60 3.7833 1.13633
Envmean 60 3.8667 0.70481
Scl Safety in construction and operation 60 4.3167 0.79173
Sc2 The health of workers and citizens 60 4.3667 0.78041
Sc3 LabLaborailability 60 3.6167 0.99305
Sc4 Aesthetics 60 3.3167 1.29525
Socialmean 60 3.9042 0.63127

SD: Standard deviation.

value suggested by Cronbach and Helmstater, indicating
that the scales were reliable [51, 52]. While the reliability
values are pretty high for environmental criteria, they are
relatively low for social criteria.

The average scores of the criteria are presented in Table 3.
Among the economic criteria, the criterion of the initial price
of the material explained in the questionnaire as “The price
that the contractor orders from the suppliers” has reached
the highest average score, and the cost during the demolition
phase has reached the lowest average score. Among the envi-
ronmental criteria, the toxic emission criterion, “emission of
poisons into the environment during the use of construction
material,” has the highest average, and water consumption
has the lowest average. Among the social criteria, “Health of
workers and citizens” and “aesthetics” received the highest
and lowest average scores, respectively.

The average scores of the criteria related to the barriers
to the use of sustainable materials are presented in Table 4.
Among this criterion, “Risks of higher initial cost, total cost
and extra time” has the highest mean score and “Refusal
to change traditional criteria in material selection and con-
struction methods” has the lowest mean score.

4.3. Inferential Analyses

Inferential analyses were conducted to determine wheth-
er participant evaluations changed according to demo-
graphic characteristics. For this purpose, it was first checked
whether the data were usually distributed to decide whether
parametric or nonparametric tests would be applied in in-
ferential analyses. Different methods can be used to deter-
mine this. The most used of these methods is to check the
Skewness and Kurtosis values of the data. The skewness and
kurtosis values in Table 5 vary between -0.922 and 0.244.
Hair et al. [53] reported that the data are considered cus-
tomarily distributed if the skewness and kurtosis values are
between +1 and -1. Therefore, it was accepted that the data
were normally distributed for all four criteria, and inferen-
tial analyses with parametric tests were conducted.

Inferential statistics are statistics that obtain analytic
expressions for estimation or hypothesis testing about the
character of the statistical main population [54]. Inferen-
tial analysis tests compare the means of two or more groups
and decide whether the difference between means is ran-
dom or statistically significant. Since the data were normal-
ly distributed, the independent sample T-test was used for
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Table 4. Mean and standard deviation values of barriers to sustainable material use

No Criteria N Mean SD
BARI1 Lack of database on environmental and social impacts of the material 60 3.8000  1.0051
BAR2 Limited availability of sustainable materials in the construction sector 60 3.7167  0.9223
BAR3 Lack of education, awareness, and knowledge of sustainable materials 60 3.8167  0.8335
BAR4 Lack of cost-effective software or toolkits for material selection 60 3.5167  1.0655
BAR5 Stakeholders focus only on economic criteria 60 3.9667  0.9382
BARG6 Lack of government support 60 3.4833  1.4081
BAR7 Lack of customer demand and awareness 60 3.8333 1.1956
BARS Lack of sustainable construction culture 60 3.5833 1.1541
BAR9 Refusal to change traditional criteria in the selection of materials and construction methods 60 3.1000  1.2171
BARI10 The evaluation process is too complex 60 3.3167 1.0655
BAR11 Higher initial cost, total cost, and extra time risks 60 4.0333 1.0571
Barmean 60 3.6515 0.6137
SD: Standard deviation.
cases with two groups in inferential analyses, and the Ano-  Table 5. Mean, kurtosis, and skewness values of the scales
va test was used for cases with more than two groups. The Statistic SE
test results for the cases where the difference between the
participants’ opinions is significant are as follows: Economic mean
The independent sample T-test was used to investigate Mean 3.8667 0.091
whether there was a significant difference between the par- Skewness -0.362 0.309
ticipants' opinions according to their gender. As a result of Kurtosis -0.524 0.608
the test, a significant difference was found only for environ- ~ Environmentalmean
mental criteria (Table 6). In this test, Levene’s test sig (p) Mean 3.8925 0.098
value greater than 0.05 indicates no difference between the Skewness -0.922 0.337
groups, in which case the value in the first row is consid- Kurtosis 0.393 0.662
ered. The sig. The value in the first row is 0.035, meaning the =~ Socialmean
difference is significant (p<0.05). For environmental crite- Mean 3.9042 0.08150
ria, men's average was 3.7, while women's average was 4.1. Skewness -0.537 0.309
The analysis, according to the age groups of the partici- Kurtosis 0.244 0.608
pants, was carried out using the ANOVA test. As a result of Barriermean
the test, the sig (p) value was less than 0.05, i.e., significant, Mean 3.6515 0.079
for the economic, environmental, and sustainable materi- Skewness 20.117 0.309
al selection barriers criteria (Table 7). The averages of the Kurtosis -0.705 0.608

participants according to age groups are presented in Table
8. Accordingly, the lowest mean for economic criteria was
3.31 for the age group above 50 years, and the highest mean
was 3.88 for the age group 20-29 years. For environmental
criteria, the lowest mean was 3.13 for those over 50, and the
highest was 4.27 for the 20-29 age group. For the barriers to
using sustainable materials, the lowest average was realized
for those over 50 and the highest for the 30-39 age group.
The independent sample T-test was used to investigate
whether there was a significant difference between the par-

Table 6. T-test results according to the gender of the participants

SE: Standard error.

ticipants' opinions according to their education level. As a
result of the test, a significant difference was found only for
economic criteria and barriers to using sustainable materi-
als (Table 9). For both criteria groups, the averages of those
with master’s and doctorate level education were higher
than those with university degrees. The averages were 3.50
and 4.01 for economic criteria and 3.48 4.04 for barriers.

Levene’s Test for equality of var.

T-test for equality of means

F Sig. t df Sig. (2-tailed)
Envmean
Equal var. as. 1.809 0.184 -2.161 58 0.035
Equal var. not as. -2.319 56.193 0.024

df: Degrees of freedom.
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Table 7. Anova test results according to age groups of participants
Sum of squares df Mean square F Sig.
Econmean
Between groups 3.498 3 1.166 2.893 0.043
Within groups 22571 56 0.403
Total 26.069 59
Envmean
Between groups 10.896 3 3.632 11.047 0.000
Within groups 18.412 56 0.329
Total 29.308 59
Barmean
Between groups 3.878 3 1.293 3.947 0.013
Within groups 18.340 56 0.328
Total 22.218 59

df: Degrees of freedom.

Table 8. Mean criteria scores of participants according to age
groups

Criteria Age N Mean SD
group
Econmean 20-29 26 3.8846 0.70011
30-39 10 3.7400 0.55817
40-49 12 3.4167 0.64079
>50 12 3.3167 0.52194
Total 60 3.6533 0.66472
Envmean 20-29 26 4.2740 0.50747
30-39 10 3.8125 0.74594
40-49 12 3.7604 0.51802
>50 12 3.1354 0.60410
Total 60 3.8667 0.70481
Barmean 20-29 26 3.8217 0.56538
30-39 10 3.9273 0.44906
40-49 12 3.4470 0.65608
>50 12 3.2576 0.58767
Total 60 3.6515 0.61365

SD: Standard deviation

Inferential analyses of the participants, according to
the duration of work experience, were conducted using the
ANOVA test. As a result of the research, a significant dif-
ference was found for economic and environmental criteria
(p<0.05) (Table 10). Looking at the averages, the average of
the group with 16-20 years of experience (3.11) was found
to be the lowest, and the average of the group with 6-10
years of experience (3.90) was found to be the highest for
economic criteria (Table 11).

Anova test was used to analyze whether the differences
in the participants' opinions according to their professions
were significant [55]. The test showed that the result was
significant for economic criteria (Table 12). When the aver-
ages of the groups were analyzed, it was seen that the low-
est average was found for engineers (3.28), and the highest
average was found for faculty members (4.13). When the
inferential analyses are analyzed in general, it is seen that
there are differences in the opinions in general for econom-
ic criteria and, in some cases, for environmental criteria and
barriers. For social criteria, there is a consensus.

4.4. Criteria to be Considered in the Selection of

Sustainable Building Materials

As aresult of inferential analyses, it was determined that
the results, especially the economic criteria, differed signifi-

Table 9. T-test results according to the education level of the participants

Levene’s Test for equality of var.

T-test for equality of means

F Sig. t df Sig. (2-tailed)
Econmean
Equal var. as. 0.550 0.461 -2.895 58 0.005
Equal var. not as. -3.034 35.976 0.004
Barmean
Equal var. as. 1.068 0.306 -3.563 58 0.001
Equal var. not as. -3.793 37.371 0.001

df: Degrees of freedom.
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Table 10. Anova test results according to participants’ duration of work experience

Sum of squares df Mean square F Sig.

Econmean

Between groups 5.453 4 1.363 3.637 0.011

Within groups 20.617 55 0.375

Total 26.069 59
Envmean

Between groups 7.474 4 1.868 4.706 0.002

Within groups 21.835 55 0.397

Total 29.308 59

df: Degrees of freedom.

cantly according to the demographic characteristics of the
participants. In this case, the results can't be generalized.
However, to obtain a general view, the relative importance
indexes of the criteria were determined according to the
formula below. Table 13 presents the relative importance of
economic, environmental, and social criteria. Accordingly,
the criterion with the highest relative importance is “S2 -
Health of workers and citizens,” and the barrier with the
highest relative importance is “BAR11 - Higher initial cost,
total cost, and extra time risks”

IRI=YW/A*N

IRI: Index of Relative Importance

W: The weights given by each participant for that propo-
sition are 1- Not important, 2- Somewhat important, 3- Av-
erage important, 4- Very important, and 5- Very important.

A: The highest weight value. In this case, it is 5.

N: Total number of participants (60)

The relative importance indexes of the criteria to be
considered in selecting sustainable building materials and
their ranking accordingly are presented in Table 13. The top
three criteria were the health of workers and citizens, safety
in construction and operation, and toxic emissions. At the
same time, water consumption, aesthetics, and cost during
the demolition phase were the bottom three criteria.

The ranking of the barriers to using sustainable building
materials according to their relative importance indexes is giv-
en in Table 14. The criterion “Risks of higher initial cost, total
cost and extra time” has the highest relative importance, and
“Refusal to change traditional criteria in material selection and
construction methods” has the lowest relative importance.

(1)

4.5. Factor Analysis
In the last stage of the study, factor analysis was con-
ducted to determine the barriers to using sustainable build-

Table 12. Anova test results according to participants’ professions

Table 11. Averages of the participants according to the duration
of their work experience

Criteria N Mean SD

Econmean
<5 16 3.8625 0.75089
6-10 16 3.9000 0.61536
11-15 6 3.8333 0.46332
16-20 9 3.1111 0.44845
>20 13 3.3846 0.56250
Total 60 3.6533 0.66472

Envmean
<5 16 4.2813 0.56734
6-10 16 4.0391 0.52185
11-15 6 3.8333 0.83915
16-20 9 3.6111 0.51707
>20 13 3.3365 0.77793
Total 60 3.8667 0.70481

SD: Standard deviation.

ing materials. Factor analysis is the general name of a group
of multivariate analysis techniques that aim to reduce many
variables that are thought to be related to each other to a
smaller number of basic dimensions to orotate the under-
standing and interpretation of these relationships [56].

In factor analysis, the first step is to examine the suit-
ability of the data for factor analysis, that is, to check the
factorability of the items. The most well-known method for
this is to conduct sample suitability tests. The tests for the
suitability of factor analysis are Bartlett’s test of sphericity
and Kaiser-Methe yer-Olkin (KMO) test. The results of the

Sum of squares df Mean square F Sig.
Econmean
Between groups 5.685 6 0.948 2.464 0.036
Within groups 20.384 53 0.385
Total 26.069 59

df: Degrees of freedom.
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Table 13. Ranking of sustainable building material selection
criteria according to their IRI

No Criteria IRI
Sc2 The health of workers and citizens 0.873
Scl Safety in construction and operation 0.863
Env5 Toxic emissions 0.860
Env7 Acidification of soil and water 0.823
Ecl Material price 0.820
Env6 Depletion of natural resources 0.813
Social 0.781
Env4 Waste production management 0.773
Environmental 0.773
Env8 Potential for recycling and reuse 0.757
Ec2 Material handling cost 0.753
Ec4 Cost in operation and maintenance phase 0.747
Envl Energy consumption 0.733
Economic 0.731
Env3 Global warming 0.730
Sc3 Labor availability 0.723
Ec3 Cost during the construction phase 0.720
Env2 ‘Water consumption 0.697
Sc4 Aesthetics 0.663
Ec5 Cost during the demolition phase 0.613

IRI: Index of Relative Importance.

sample suitability tests are given.MO that is used to test the
suitability of the sample size in factor a. The KMO value
must be higher than 0.50 to proceed with factor analysis.
In this test, the KMO value was found to be 0.590. Bartlett’s
test tests the null hypothesis that “the original correlation
matrix is the same as the identity matrix (all correlation co-
efficients are zero)” [56]. The Table 15 shows that this test
is significant, meaning that it is suitable for factor analysis.
According to the commonalities table, each variable
(item) has a common variance between 0 and 1. While items
with commonalities above 0.50 explain more of the variance,
items with commonalities lower than 0.50 may lead to more
complex factors to interpret, or these items need to be elimi-
nated. In Table 16, only one item with a commonality below

0.5 was identified (BAR4-0.484). Still, since the value was
close to 0.5, it was decided to include all items in the analysis.

A good factor analysis is expected to explain the highest
variance with the least number of factors. An analysis that ex-
plains 50-75% of the total variance is considered a good result
in factor analysis. The table below shows the eigenvalues be-
fore and after factor extraction and after rotation (Table 17).
These values roughly indicate the correlation between two
variables. Also, there are four factors with eigenvalues greater
than 1; the first factor explains 32% of the variance. The rel-
ative importance of the factors is equalized by rotation. The
four factors explain 74% of the total variance (Table 17).

Interpreting factor loadings without rotation presents
challenges. Rotating the matrix aids in achieving a more in-
terpretable factor structure and optimizes the items in terms
of explained variance post-rotation. Upon examination of
the factor loading matrix rotated using the Varimax meth-
od, no instance was observed where an item exhibited strong
loadings from multiple factors. In such cases, a minimum
load difference of 0.1 is preferred, and items explaining mul-
tiple factors are systematically removed from the scale, one
item at a time, with the matrix reassessed accordingly. How-
ever, such a scenario did not occur in this instance (Table 18).

An essential stage of factor analysis is naming the fac-
tors. Factors are named by examining the variables loading
on the factors and determining the common point between
the variables. In naming, care is taken to give the name that
best expresses the meaning the variables loading on the fac-
tor want to emphasize. By naming the factors, the model
shown in Figure 2 was obtained.

5. DISCUSSION

The research was conducted with 60 participants with
different demographic characteristics. The participants
were asked to evaluate the importance of 17 criteria under
the headings of economic, environmental, and social sus-
tainability in terms of sustainability of building materials.
Participants also reported how important they found the
barriers to using sustainable materials. Inferential analy-
ses showed that participant opinions differed according
to different demographic characteristics. This differenti-

Table 14. Ranking of the barriers to the use of sustainable building materials according to their IRI

No Criteria IRI

BARI11 Higher initial cost, total cost, and extra time risks 0.807
BAR5 Stakeholders focus only on economic criteria 0.793
BAR7 Lack of customer demand and awareness 0.767
BAR3 Lack of education, awareness, and knowledge of sustainable materials 0.763
BARI1 Lack of database on environmental and social impacts of the material 0.760
BAR2 Limited availability of sustainable materials in the construction sector 0.743
BARS8 Lack of sustainable construction culture 0.717
BAR4 Lack of cost-effective software or toolkits for material selection 0.703
BARG6 Lack of government support 0.697
BAR10 The evaluation process is too complex 0.663
BAR9 Refusal to change traditional criteria in the selection of materials and construction methods 0.620
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Table 15. KMO and Bartlett tests’ results

Table 16. Communalities

Kaiser-Meyer-Olkin measure of sampling adequacy. 0.590 Criteria Extraction
Bartlett’s test of sphericity BAR1 0.815
Approx. Chi-Square 270539 papo 0759
df > BAR3 0.773
Sig. 0.000
BAR4 0.484
KMO: Kaiser-Methe yer-Olkin; df: Degrees of freedom. BAR5 0.782
BAR6 0.852
ation was most pronounced for economic criteria, where-
L . . . BAR7 0.815
as no significant differences emerged for social criteria. It
was observed that female respondents attributed greater ~BARS 0.775
importance to environmental criteria than male respon- BAR9 0.575
dents. Another result is that as the age of the participants BAR10 0.730
increases, the level of importance they attribute to the cri- 5,514 0719

teria decreases. The most significant difference emerged
for environmental criteria, with the average for the 20-29
age group being well above very important (4.27).

Extraction Method: Principal Component Analysis.

Table 17. Total variance explained

Comp. Initial eigenvalues Extraction sums of Sq. loadings Rotation sums of Sq. loadings

Total % of var. cum. % Total % of var. cum. % Total % of var. cum. %
1 3.734 33.949 33.949 3.734 33.949 33.949 2.623 23.845 23.845
2 1.745 15.861 49.809 1.745 15.861 49.809 2.072 18.838 42.683
3 1.526 13.877 63.686 1.526 13.877 63.686 1.860 16.910 59.594
4 1.076 9.781 73.467 1.076 9.781 73.467 1.526 13.873 73.467
5 0.700 6.364 79.831
6 0.676 6.147 85.978
7 0.579 5.265 91.243
8 0.333 3.028 94.270
9 0.299 2.715 96.985
10 0.225 2.049 99.034
11 0.106 0.966 100.000
Extraction Method: Principal Component Analysis.
Table 18. Rotated factor loadings matrix

Component
1 2 3 4

BAR1  Lack of database on environmental and social impacts of the material 0.288 -0.105 0.809 0.258
BAR2  Limited availability of sustainable materials in the construction sector 0.061 0.763 0.390  0.147
BAR3  Lack of education, awareness, and knowledge on sustainable materials 0.387 0.389 0.166 0.667
BAR4  Lack of cost-effective software or toolkits for material selection 0.610 0.164 0.255 0.141
BAR5  Stakeholders focus only on economic criteria 0.053 -0.082 -0.008 0.879
BAR6  Lack of government support 0.387 0.642 -0.380 0.383
BAR7  Lack of customer demand and awareness 0.864 -0.107 -0.214 0.107
BAR8  Lack of sustainable construction culture 0.862 0.086 0.118 0.109
BAR9  Refusal to change traditional criteria in the selection of materials and construction methods  0.610  0.315  0.321  0.028
BARI10 The evaluation process is too complex 0.048 0.846 0.006 -0.113
BARI1 Higher initial and total cost and risk of extra time 0.004 0222 0.809 -0.127

Extraction Method: Principal Component Analysis. Rotation Method: Varimax with Kaiser Normalization. a. Rotation converged in 5 iterations.
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Barriers to Sustainable Material Use
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Figure 2. Model of barriers to sustainable material use (Source: Created by the authors).

In comparison, it was almost only necessary (3.14) for
the over-50 age group. Since work experience is directly
proportional to age, a similar pattern was observed for
work experience. Respondents with a master’s degree and
higher education attributed greater importance to eco-
nomic criteria. While there was a significant difference by
occupation only for economic criteria, faculty members
were the occupational group that attributed the highest
importance. This differentiation between the participants’
views identified by inferential analysis indicates that it
would be helpful to conduct studies with a more signifi-
cant number of participants.

On the other hand, it is pleasing that young people are
more sensitive to sustainability. Nevertheless, conducting
cross-sectional studies to see whether participants’ views
have changed over time would be helpful. There is always
the possibility that other challenges participants face over
time may have pushed sustainability to the background.
The significant differences in participants’ opinions on eco-
nomic criteria, in general, maybe because the financial dif-
ficulties experienced by our country in recent years have
affected different segments of society at various levels. A
general conclusion is that people whose tasks are linked to
sustainability should be carefully selected, as they can re-
flect their views on practice.

Although there were differences of opinion among the
participants for some criteria, the relative importance of the
criteria was found to get a general idea. The requirements
with the highest relative importance were:

o The health of workers and citizens.

o Safety in construction and operation.

o Toxic emissions.

In this respect, the study conducted in Tirkiye differs
from other studies in the literature. This means that the
country’s dynamics should re-examine the study’s struc-
ture. As a result, all three of the top three most important
criteria are related to health and safety. This situation in the
construction sector is quite alarming. The fact that building
materials carry serious health risks increases the impor-
tance of this awareness. The following factors are consid-
ered influential in prioritizing criteria in this manner:

o With industrialization, the number of occupation-
al accidents and diseases has increased significantly,
and protecting workers’ health and safety has been
one of the most critical problems of working life
since then. Occupational accidents affect the health
and safety of everyone in the construction industry,
including designers, architects, structural engineers,
and construction site workers [57]. The construction
sector ranks first in terms of the frequency of acci-
dents causing death and permanent incapacity for
work in Tiirkiye [58].

o The construction sector faces numerous risk factors
that contribute to accidents. These include outdoor
work under varying weather conditions, high turnover
rates, work conducted at different elevations, constant
movement of workers and materials, and a dispersed
workforce with varying education levels [59]. These
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factors, often intertwined with material selection, in-

fluence safety measures. For instance, opting for pre-

fabricated materials reduces time spent at heights,
while choosing easier-to-assemble materials minimiz-
es on-site labor requirements.

o The link between occupational diseases and construc-
tion materials is significant, surpassing that of occupa-
tional accidents. Various materials used in construc-
tion, including cement, adhesives, wood and plaster
dust, solvent and glue vapors, asbestos, heavy metals,
and welding fumes, pose health risks to workers and
users of completed structures. Exposure to these sub-
stances can result in severe conditions such as cancer,
silicosis, asbestosis, skin allergies, bronchitis, nervous
system disorders, and lead poisoning [60].

The last three ranked criteria were water consumption,
aesthetics, and cost of demolition, with relative importance
levels below 0.7. The conclusions reached regarding these
are provided below:

o Water is one of the world’s most precious natural re-
sources. In Tiirkiye, projections indicate that per capita
water availability may classify the country as water-poor
[31]. Climate change simulations further forecast a rise
in temperatures by up to 5 degrees Celsius nationwide,
accompanied by a precipitation decline of up to 30%
in the southern and western regions [61]. Given these
forecasts, addressing water consumption is deemed cru-
cial, necessitating heightened awareness and emphasis
on conservation efforts

o Architectural beauty is more than just a visual delight.
It's defined as “the harmony of everything and a cer-
tain harmony between all the elements of the build-
ing so that no part can be added, removed or changed
without damaging the design” or “an impressive pho-
tograph of any relationship between lines, colors, and
volumes” [62]. In this respect, aesthetics, like water
consumption, is a criterion that should be given higher
importance, as it’s the architects’ and urban planners’
role to create functional, visually appealing, and har-
monious structures.

o Demolition costs encompass various factors. However,
compared to construction costs, demolition expenses
are relatively low. Hence, it's common practice to assign
minimal importance to demolition costs as a criterion
in decision-making processes.

In ranking the barriers to using sustainable building
materials according to the relative importance indexes,
the criterion “Higher initial cost, total cost, and extra
time risks” has reached the highest relative importance.
“Refusal to change traditional criteria in material selec-
tion and construction methods” had the lowest relative
importance. The results of the study are in line with the
literature. In parallel with [41, 42, 46], “cost” factors are
among the most critical barriers to the use of sustain-
able materials. The initial cost of sustainable materials
is often higher than conventional ones, but a prevalent
misconception is that sustainability always entails sig-
nificantly higher expenses.

Additionally, uncertainty about future costs and
availability can deter stakeholders from adopting sus-
tainable materials. However, in the long term, buildings
constructed with sustainable materials are more cost-ef-
fective due to the savings they provide. Transition diffi-
culties are cited as barriers to the widespread adoption of
sustainable materials. On the other hand, in this study,
the participants attributed little importance to rejecting
the traditional approach.

In the last stage of the study, the barriers to using sus-
tainable building materials were subjected to factor analy-
sis. Four factors explaining 73.5% of the total variance were
identified. The factors were named cultural and awareness
barriers, general barriers, cost, insufficient knowledge, and
insufficient awareness by paying attention to the common
points between the variables. It is evaluated that the model
obtained will contribute to the literature in this regard.

6. CONCLUSIONS

While Tiirkiye’s environmental pollution pressure is
increasing, the bill resulting from its external dependence
on energy is steadily rising. If this trend continues, the
country is expected to become one of the water-stressed
countries shortly. These three fundamental problems alone
point to the need for Tiirkiye to make significant strides in
sustainability. Like the rest of the world, the construction
sector is one of the sectors where the need for sustain-
ability is most evident. The first and most crucial step in
achieving sustainability in the industry is the sustainable
selection and use of materials that significantly affect con-
struction management. The study is expected to make the
construction industry sustainable by providing essential
data to stakeholders on sustainable material selection and
barriers to sustainable material use. It is thought that it
would be beneficial to enrich the literature by conducting
more extensive research in the future.
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1. INTRODUCTION

ABSTRACT

In the current research, an attempt was made to examine the flexural and cracking behavior of
reinforced lightweight self-compacting concrete (LWSCC) beams incorporating light-expand-
ed clay aggregate (LECA) as a partial replacement for natural coarse aggregate (NCA). Me-
chanical properties such as compressive strength, split tensile strength, and flexural strength
were evaluated, alongside fresh properties assessed using flow table, V-funnel, J-ring, and
L-box tests. The study examined six beams, including a control mix, with LECA replacements
of 5%, 10%, 15%, 20%, and 25%. The results indicate that compressive strength decreased
with higher LECA content, from 44.56 MPa in the control mix to 32.73 MPa at 25% LECA.
Flexural and split tensile strengths showed similar trends. Crack width increased with LECA
content, from 1 mm in the control mix to 2 mm at 25% LECA, while density decreased. Flexur-
al performance analysis revealed reduced ultimate load capacity and increased deflection with
higher LECA proportions. The ductility index improved, suggesting enhanced flexibility. This
study concludes that LECA can effectively replace NCA in LWSCC, though with a trade-off in
strength and cracking behavior.

Cite this article as: Ramanjaneyulu, N., Rao, M. V. S. & Desai, V. B. (2024). Flexural and
cracking behavior of reinforced lightweight self-compacting concrete beams made with LECA
aggregate. ] Sustain Const Mater Technol, 9(2), 159-169.

LECA can reduce heating and cooling costs by up to 50%
and reinforce steel costs by 20%. Using LECA in self-com-

Concrete made of lightweight materials weighs less
than traditional Concrete. Lightweight Concrete has a unit
weight of between 300 and 1900 kg/m’, compared to 2200
to 2500 kg/m® for regular Concrete. Using lighter parti-
cles instead of heavier ones is one method for producing
lightweight Concrete. The Light Expanded Clay Aggregate
(LECA) is used instead of the normal-weight aggregates in
the experiment to produce Lightweight self-compacting
concrete (LWSCC) using expanded clay aggregate. Expand-
ed clay aggregates have higher compressive strengths than a
lot of lightweight aggregates. Structural concrete containing

*Corresponding author.
*E-mail address: rams.613@gmail.com

pacting concrete reduces density and improves flexibility,
but challenges include reduced compressive strength and
increased cracking, requiring careful balance in mix design.
[1-5]. A unique kind of clay that may expand is used to
create Light Expanded Clay Aggregate (LECA). The pulver-
ized coal and oil mixture heated the rotary or vertical shaft
kiln to about 1200 °C before the clay was blended with an
additive to make it bloat. The final product comprises rig-
id, spherical particles with a honeycomb-like inside and a
thick, smooth surface texture. The developed cellular struc-
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ture is held in place as the product cools and is employed
as a lightweight aggregate. Lightweight Expanded Clay Ag-
gregate (LECA) uses alternate sources of aggregates, such as
LECA in Concrete, which is beneficial in achieving sustain-
able construction practices [6-8].

The experimental work utilizes LECA instead of nor-
mal-weight aggregates. Expanded clay aggregates have
more compressive strength than many lightweight aggre-
gates. Structural Concrete containing LECA can reduce
heating and cooling costs by up to 50% and reinforcing
steel costs by 20% [9-11]. Concrete's strength qualities de-
creased when LECA alone was used to replace coarse ag-
gregates [12]. Mineral admixtures were employed to boost
the strength qualities. The ideal fly ash content is 10% [13].
The importance of utilizing fly ash on higher-strength
“lightweight self-compacting concrete” made using “Light
Expanded Clay Aggregate."After researching the impacts of
silica fume on “lightweight aggregate concrete," [14]. The
ten percent silica fume is the ideal substance. [15], The steel
fibers included in fractions of 0.0%, 0.50%, and 1.0% im-
proved strength and “unit weight of lightweight concrete”
as the steel fiber concentration rose. Lightweight aggregates
have been used in place of stable aggregates [16]. The ratio
of Lightweight aggregate increased, and Concrete's density
and compressive strength dropped. Lightweight concrete
boasts a lower weight than traditional concrete, with a unit
weight spanning from 300 to 1900 kg/m’.

The construction industry is expanding quickly world-
wide, intending to build structures more efficiently and
faster and for less money to boost economics and construc-
tion quality. Furthermore, the construction sector is look-
ing into several options for this aim. One way to do this is
to emphasize how long it takes for Concrete to cure. This
can be done by adequately curing the substance to increase
its early strength. There are numerous curative techniques
available. Vacuum-cured LECA has a higher compressive
strength than partially saturated surface-dried LECA [17].
The slump-flow of self-consolidating concrete made with
LC1 (with a density of 1.58 g/cm®) measured at 667 mm,
while for LC2 (with a density of 2.07 g/cm?), it measured at
608 mm. These findings indicate that when using the exact
proportions of lightweight aggregates, the self-consolidat-
ing concrete exhibits greater flowability with lower-density
lightweight coarse aggregates. This observation applies to
both lightweight aggregate and conventional concrete. [18,
19]. The accelerated cure with boiling water has been tested
[20]. The structural behavior of lightweight concrete using
LECA has been investigated, demonstrating a reduction in
concrete weight and cost while maintaining mechanical
properties. [21], It can be utilized to increase early devel-
opment strength. In areas with a water constraint, LECA
can be internally cured [22]. In this study, boiling water
is used to hasten the curing process. It presents numer-
ous advantages in terms of durability, cost-effectiveness,
and productivity at construction sites. Conversely, light-
weight concrete can significantly decrease the structural
load, reducing member sizes and simplifying construction
processes. Consequently, lightweight concrete can lead to

overall cost savings in construction projects. Traditional-
ly, lightweight aggregate concrete is produced similarly to
conventional concrete. However, this manufacturing ap-
proach often faces aggregate segregation issues due to the
aggregates' low density. In contrast, by reducing the aggre-
gate content, self-consolidating concrete can be produced
with more powders. This typically results in a concrete mix
with improved viscosity during the fresh stage and greater
compressive strength as it hardens. Therefore, integrating
lightweight aggregates into self-consolidating concrete is
believed to enhance quality and produce high-strength
lightweight concrete while mitigating segregation issues
associated with lightweight aggregates [23, 24]. The paper
suggests that integrating pumice as a partial replacement
in self-compacting concrete beams can enhance flexural
properties, potentially leading to more sustainable con-
struction practices by utilizing less conventional, more en-
vironmentally friendly materials while maintaining struc-
tural integrity and performance [25].

The primary goal of this study is to review lightweight
aggregates (LWA) used to make lightweight self-consolidat-
ing Concrete. In addition to identifying the physical qual-
ities, LWA is compared. The effects of LWA usage on the
characteristics of freshly poured and hardened Concrete
will be investigated. Additionally, the LWSCC mix design
procedure is examined. After evaluating the currently avail-
able material, the LWSCC material goods and mix design
can be significantly improved. Incorporating LECA as a
lightweight aggregate in self-compacting concrete is cru-
cial for advancing sustainable construction. LECA reduces
the concrete's overall weight, enhancing its workability and
reducing structural load. This innovation allows for more
efficient material use, lower transportation costs, and im-
proved thermal insulation, aligning with modern demands
for environmentally friendly and energy-efficient building
materials. This study's novelty lies in its comprehensive
analysis of reinforced lightweight self-compacting concrete
(LWSCC) beams incorporating varying proportions of
LECA. By evaluating mechanical properties, flexural per-
formance, and cracking behavior, this research offers new
insights into optimizing LWSCC mixes for enhanced struc-
tural efficiency, sustainability, and practical application in
modern construction practices.

2. MATERIALS AND METHODS

2.1. Materials

The present study utilized 53-grade ordinary Portland
cement (OPC). Furthermore, ordinary physical cement at-
tributes were evaluated according to IS 12269-2013 [26].
The specific surface area of the cement, measured at 329
m?/kg, was determined using Blaine's air permeability
method. Additionally, the specific gravity of the cement was
found to be 3.09 by IS 4031-1996 [27]. River sand, locally
available and sieved up to 4.750 mm, was used as the "fine
aggregate (FA)." Sand characteristics were evaluated using
IS: 2386-1963. Coarse Aggregates (CA) with a maximum
size of 12.5 mm and a specific gravity of 2.45, held at 10
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mm, were locally sourced, employed, and conformed to
Zone-II as per IS 383:2016 [28-39]. To examine the charac-
teristics of light-expanded clay, ranging in size from 8 to 12
mm, evaluated according to IS-2386-PART-III-1963 [40]
as shown in Tables 1 and 2. Superplasticizer, specifically a
sulfonated naphthalene-based polymer, was employed as
an agent for significant water reduction in compliance with
ASTM C 494:2019 [41].

The present research considers lightweight expanded
clay aggregate (LECA), a coarse aggregate formed of clay.
At roughly 1200 °C, lightweight expanded clay aggregate
(LECA) can be created within a rotary kiln. Burnt clay is
broken down into tiny, airy, swollen particles that make
up LECA. The LECA used in this study featured an 8-12
mm particle size distribution, a 332 kg/m® bulk density,
and an approximately 14.5% water absorption rate. These
properties were crucial for achieving the concrete's desired
lightweight and self-compacting characteristics, ensuring
proper workability, reduced density, and enhanced ther-
mal insulation for structural applications. A picture of a
light-expanded clay aggregate is shown in Figure 1.

An unwanted consequence of burning pulverized coal
in thermal power plants is fly ash, also known as fuel ash.
Fly ash is composed of small siliceous and aluminous poz-
zolan particles. We used Class C fly ash for this experiment.
Subbituminous coals create Class C fly ashes containing
mostly free lime, tricalcium aluminate, quartz, and cal-
cium alumino-sulfate glass (CaO). Class C fly ash, which
includes more than 20% CaO, is often called high-calcium
fly ash. Utilizing fly ash has several advantages, includ-
ing producing dense concrete with a smooth surface, ex-
cellent strength, workability, and reduced CO, emissions
and hydration heat. Two downsides are the increase in salt
scaling and the use of air-entraining admixtures. Fly ash,
which had a specific gravity of 2.1, was used to replace 10%
of the weight of the cement. The CONPLAST SP 430 was
employed in this investigation. It is used to make concrete
more workable and is carefully formulated to provide sig-
nificant water reductions of up to 25% without sacrificing
workability. It also minimizes permeability, resulting in
high-quality concrete.

2.2. Mix Design

The LWSCC mix proportions are essential for its ap-
plication since the suggested proportions may alter the
necessary qualities in both the fresh and hardened stages.
To satisfy the self-compacting requirement, LWSCC must
develop the requisite fresh features, such as filling capacity,
passage ability, and segregation resistance. The Concrete's
filling or flow ability refers to its capacity to move freely, fill
the formwork, and support its weight. On the other hand,
the capacity to travel through dense steel reinforcement
sections without harming them or cluttering the area with
formworks is called passage ability. Segregation resistance
is the capacity to maintain homogeneity during transporta-
tion, placement, and subsequent placement without bleed-
ing or separating. “The composition of the raw materials,
the quantity of chemical and mineral admixtures, the types

Table 1. Cement physical properties

S. No. Test performed Test values
1 initial setting time 42 min

2 Specific gravity 2.79

3 Soundness of cement 5mm

4 Standard consistency 32%

5 Fineness of cement 3.7%

Table 2. Physical characteristics of gravel, LECA, and coarse
aggregates

S. No. Name of Test values
the test
Gravel LECA Fine
aggregates
1 Fineness modulus 6.39 5.82 3.11
2 Specific gravity 245 0.606 2.59
3 Bulk density ~ 1415.6 kg/m® 332 kg/m’ 1638.7 kg/m’
4 Water absorption 0.7% 14.5% 1.1%

Figure 1. Lightweight expanded clay aggregate (LECA).

of aggregate utilized, packing density, water-to-cement ratio
(W/C)," and design methods significantly impact LWSCC
performance. Presently being used as per the curves given
in the rational mix design procedure by Rao et al. [42].

2.3. Test Methods

2.3.1. Compressive Strength

According to BS 12390-3: 2009 [43], the compressive
strength of red mud concrete was assessed using samples
sized 150 x 150 x 150 mm. These samples were meticulous-
ly prepared and subsequently tested for their compressive
strength in a specialized compressive testing machine, en-
suring precise and reliable results.

2.3.2. Flexural Strength

The procedure for evaluating the flexural strength ad-
hered to BS 1881-118: 1983 [44]. Samples measuring 100
x 100 x 500 mm were meticulously crafted and tested on
a flexural testing machine. This method effectively deter-
mined the concrete's bending resistance, offering critical
insights into its structural capabilities under load.
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Table 3. Mix proportions of control mic and LWSCC

Mix Cement  Flyash  Fineaggregate  Normal coarse  Light-expanded clay =~ Water Super

designation (sand) aggregates aggregate (LECA) plasticizer

Control mix 428 182 885 700 0 192 9.44

LECA5 428 182 885 664.8 11.65 192 9.44

LECA 10 428 182 885 629.8 23.30 192 9.44

LECA 15 428 182 885 594.8 30.80 192 9.44

LECA 20 428 182 885 559.8 46.60 192 9.44

LECA 25 428 182 885 594.8 58.25 192 9.44

Table 4. Nomenclature and detailing of LWSCRC beams

S. No. Beam Average cube B (mm) Height D (mm) d (mm) Length (mm) Ast (mm?)
designation strength (MPa)

1 Control mix 28.28 200 230 200 1000 314.20

2 LECA 5 30.24 200 230 200 1000 314.20

3 LECA 10 31.65 200 230 200 1000 314.20

4 LECA 15 33.17 200 230 200 1000 314.20

5 LECA 20 31.89 200 230 200 1000 314.20

6 LECA 25 28.28 200 230 200 1000 314.20

2.3.3. Split Tensile Strength

The split tensile strength was assessed following BS
1881-117: 1983 [45]. Cylindrical samples with dimensions
of 150 mm diameter and 300 mm height were prepared and
examined using a tensile testing apparatus. This testing was
crucial for understanding the concrete's tensile strength,
highlighting its ability to withstand tensile forces, which is
vital for structural applications.

2.3.4. Load Frame Machine

A load frame setup consisting of parameters such as hy-
draulic loads and deflection measurements via Linear Vari-
able Differential Transformer (LVDT) sensors is needed.
The setup includes vertical and lateral loads of 1000 and 20
kN, respectively, and measures deflection and strain at mul-
tiple points on a specimen, ensuring comprehensive data
collection during testing.

2.4. Preparation of Specimens

Selected lightweight self-compacting concrete mixes
with various percentages of LECA aggregate replacement—
such as the Control Mix, LECA 5, LECA 10, LECA 15,
LECA 20, and LECA 25 combinations, and NC discussed
in the previous section—were used to create RC beams of
different depths, incorporating fly ash and natural and syn-
thetic lightweight aggregates. All beams were cast in wood-
en molds. The compressive strength of the concrete in each
beam was measured using cube samples. Three concrete
cubes were cast during the casting of each beam. All beam
and cube samples were de-molded after 24 hours and cured
in a water tank for 28 days. The beams were made from
different mixtures of natural and lightweight aggregates,
fly ash, and HYSD steel bars of various diameters (8 mm
for stirrups and 10 mm for primary reinforcement in com-

Figure 2. Mould with casted beam specimen.

pression and tension). After assembly, the reinforcing cages
were placed in beam molds before the concrete was poured.
The names of the beams are displayed in Table 3. Beam
mold size and other details are shown in Table 4. The width
of all six beams was 150 mm. The molds were cleaned be-
fore pouring concrete into the cast iron molds, and oil was
applied to all surfaces. The molds were positioned on a flat
surface. After the molds were filled with concrete, it flowed
and settled. Excess concrete was removed with a trowel,
and the top surface was leveled. Beams of size 200 x 230 x
1000 mm were cast. as shown in Figure 2. The beam dimen-
sions, 200x230x1000 mm, 200 mm, and 230 mm, are the is
the standard width and depth of beam popularity used in
the construction industry, 1000 mm is the unit length and
reinforcement details were chosen to simulate real-world
structural elements closely, ensuring accurate evaluation of
flexural, cracking, and load-carrying behaviors.

2.5. Details of Reinforcement Bars for Beams
As is common knowledge, concrete is strong in tension
yet fragile in compression. Therefore, adding reinforcement
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to Concrete makes a composite material with the “strength
of concrete against compressive stress and the strength of
reinforcement” against tensile stress. The reinforcement
provided in the top and bottom is 2 bars of 12 mm diameter
and 8 mm diameter stirrups at 200 mm center to center, as
shown in Figure 3.

3. DISCUSSION ON RESULTS

3.1. Compressive Strength

According to the recommendations from EFNARC,
the fresh properties of M40-grade concrete were success-
fully achieved. Extensive testing revealed that the com-
pressive strength of this concrete grade at 28 days varied
with the percentage of coarse aggregate replaced by Light
Expanded Clay Aggregate (LECA). Specifically, the com-
pressive strengths recorded were 44.56, 44.6, 45.2, 41.65,
36.1, and 32.73 N/mm? for replacement levels of 0%, 5%,
10%, 15%, 20%, and 25% respectively. This data indicates
a trend where compressive strength tends to decrease as
the replacement percentage of LECA increases beyond
10%. Additionally, it was observed that the rate of wa-
ter absorption decreased as the grade of the concrete in-
creased. This suggests that higher-grade concretes, likely
due to their denser and more refined matrix, exhibit im-
proved resistance to water penetration compared to lower
grades. Moreover, when comparing self-compacting con-
crete (SCC) with lightweight self-compacting concrete
(LWSCCQ), it was found that SCC exhibits significantly low-
er water absorption rates, indicating better performance in
density and impermeability [1, 3, 15, 16]. The document
further details the compressive strength of concrete using
light-expanded clay aggregate, presenting results for five
different replacement ratios in Figure 4. The methodology
for determining the compressive strength involved calcu-
lating the maximum compressive load a specimen could
withstand and dividing this value by the cross-sectional
area of a 150 mm cube. This rigorous approach ensures an
accurate assessment of the concrete's structural capabil-
ities under compression, providing vital information for
practical applications in construction.

Kumar et al. [46], found that the compressive strength
of concrete using 100% lightweight coarse aggregate was
20% lower than that of the control concrete, which had an
aggregate density of 2.07 g/cm®. Additionally, the strength
was 31% lower when the aggregate density was 1.58 g/cm”.

Figure 4. Compressive strength of LWSCC concrete of
changed replacements.

control mix LECA5 LECA10 LECA15 LECA20 LECA25
Replacement of aggregates (%)
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Figure 5. Flexural strength of concrete of different replace-
ments.
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Figure 6. Split tensile strength of concrete of different re-
placements.

3.2. Flexural Strength Test

This study evaluated the flexural strength of lightweight
expanded clay aggregate (LECA) concrete at different re-
placement levels of coarse aggregates. Beams with 100 mm
x 100 mm x 500 mm were used for the flexural test. The
replacements considered were 0% (control mix), 5%, 10%,
15%, 20%, and 25% LECA, as shown in Figure 5. The re-
sults indicate that the flexural strength of concrete decreas-
es with increasing LECA replacement beyond 10%. The
highest flexural strength was achieved at 10% LECA re-
placement, which is considered the optimum replacement
level. This finding is corroborated by the data presented
in Figure 5. At 10% replacement, the concrete attained a
flexural strength of approximately 5.1 MPa, higher than
the control mix and other replacement levels. This sug-
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I

Figure 7. Crack pattern of beam control mix.

Figure 8. Crack pattern of beam LECA 5.

gests that a moderate incorporation of LECA can enhance
the flexural strength of concrete [2, 4, 15, 16]. At lower
replacement levels of 5% and 10%, the flexural strength
remains relatively high and comparable to the control mix,
indicating that LECA contributes positively to the struc-
tural integrity of concrete when used in small amounts.
However, as the replacement level increases to 15%, 20%,

and 25%, a noticeable decline in flexural strength is ob-
served, with values dropping to approximately 4.2 MPa at
25% replacement. This decrease can be attributed to the
increased presence of lightweight aggregate, which may
reduce the density and bonding capacity within the con-
crete matrix. The trend in Figure 5 highlights the critical
balance between achieving lightweight properties and
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Figure 9. Crack pattern of beam LECA 10.

Figure 10. Crack pattern of beam LECA 15.

maintaining structural strength. While LECA is beneficial
for reducing the weight of concrete and improving ther-
mal insulation, its proportion must be carefully optimized
to avoid compromising mechanical properties. Thus, a
10% replacement of conventional aggregates with LECA is
identified as the most effective ratio, providing a good bal-
ance between enhanced flexural strength and lightweight
characteristics.

3.3. Split Tensile Strength Test

The increase in split tensile strength with specific LECA
replacement percentages, such as 10%, can be explained by
the optimized strength of lightweight aggregates in the con-
crete matrix, as shown in Figure 6. The improved particle
distribution and interlocking effect between the LECA par-
ticles and the cementitious matrix may enhance the over-
all tensile strength. The highest Split Tensile Strength Test
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Figure 11. Crack pattern of beam LECA 20.

Table 5. Flexural performance of reinforced lightweight self-compacting concrete (LWSCC)

Beam designation Ultimate state Cracking state Yielding state Ductility index
Pu (kN) Au (mm) Pcr (kN) Acr (mm) Py (kN) Ay (mm) Au/Acr Au/Ay
Control mix 187.98 1 193.23 1 184.23 1.18 1.00 091
LECA 5 179.26 1.25 162.36 1.12 154.89 1.21 1.12 1.03
LECA 10 170.36 1.45 157.26 1.09 149.36 1.12 1.33 1.29
LECA 15 165.36 1.65 149.26 1.04 138.25 1.21 1.59 1.36
LECA 20 152.36 1.75 142.3 1.01 137.25 1.25 1.73 1.40
LECA 25 149.36 2.15 139.25 1 129.25 1.26 2.15 1.71

achieved at LECA 10 replacement is optimum replacement
and strength, as shown in Figure 6. On the other hand, the
decrease in split tensile strength observed for higher LECA
replacement percentages, such as 20% and 25%, could be
attributed to the increase in porosity and reduced interfa-
cial bond strength between the aggregate and the matrix
[2, 4, 15-17]. The lightweight nature of LECA can lead to
increased voids and reduced cohesion, resulting in lower
tensile strength values. The flexural and cracking behavior
analysis revealed that higher LECA replacement levels in-
creased crack widths and altered crack patterns. Beams with
more LECA exhibited broader and more numerous cracks,
indicating reduced structural integrity and load-bearing ca-
pacity. Overall, LECA contributes to more sustainable con-
struction practices and resource conservation.

3.4. Flexural Behavior of LWSCC Reinforced Beams

Table 5 presents Reinforced Lightweight Self-Compact-
ing Concrete (LWSCC) flexural performance with varying
percentages of LECA (Lightweight Expanded Clay Aggre-
gate) replacement. The data outlines several performance
metrics across five different LECA replacement levels
alongside a control mix. The ultimate state load capacity
(Pu) decreases consistently as the LECA content increases.

For example, the control mix has a Pu of 187.98 kN, while
LECA 25 has a significantly lower value of 149.36 kN. This
indicates a reduction in ultimate load-bearing capacity with
higher LECA content, possibly due to the lower density and
strength of LECA compared to traditional aggregates. Sim-
ilarly, the cracking state load (Pcr) decreases from 193.23
kN in the control mix to 139.25 kN in the LECA 25 mix,
highlighting reduced initial cracking resistance. The corre-
sponding displacements at cracking (Acr) slightly increase
with more LECA, suggesting that higher LECA mixtures
tend to have more flexibility before cracking. The yield
load (Py) decreases in the yielding state, from 184.23 kN
in control to 129.25 kN in LECA 25. Additionally, displace-
ment at yield (Ay) increases, ranging from 1.18 mm to 1.26
mm. This could imply a decrease in stiffness with increased
LECA replacement. The ductility indexes, Au/Acr and Au/
Ay, generally increase with more LECA content. For in-
stance, Au/Acr rises from 1.00 in the control mix to 2.15
in LECA 25 and Au/Ay from 0.91 to 1.71, respectively. This
suggests that higher LECA replacements contribute to in-
creased ductility, which might benefit applications where
flexibility and energy absorption are critical despite losing
strength and stiffness. The above findings have import-



J Sustain Const Mater Technol, Vol. 9, Issue. 2, pp. 1569-169, June 2024

167

Figure 12. Crack pattern of beam LECA 25.

Table 6. Crack width values

Beam designation = Width of crack (mm) Density kg/m?
Control mix 1 2312
LECA5 1 1952
LECA 10 1.25 1915
LECA 15 1.55 1902
LECA 20 1.75 1899
LECA 25 2 1890

ant implications for the structural application of LWSCC.
While higher LECA levels enhance ductility, they compro-
mise load-bearing capacities and initial cracking resistance,
which must be carefully considered in structural design
and application. Kavyateja et al. [47]. The load-deflection
behavior analysis showed that beams with higher LECA re-
placement levels had reduced ultimate load-carrying capac-
ity and stiffness but increased ductility. For instance, beams
with 25% LECA replacement exhibited lower load capacity
and stiffness than the control mix but demonstrated more
significant deflection before failure, indicating enhanced
ductility. This trade-off highlights LECA's impact on struc-
tural performance.

Only flexure cracks and shear cracks, as can be seen
from the figures, were created. Beams exhibited no web
shear fracture development, as shown in Figure 7, Figure
8, Figure 9. Figure 10, Figure 11, and Figure 12. Because
beams have a lower load-carrying capability, the data shows
that crack breadth rose when the percentage of Light Ex-
panded Clay Aggregate was replaced. The crack widths ob-
served for the LWSCC beams with different LECA replace-
ments were as follows: 1 mm for 0% replacement, 1 mm for
5% replacement, 1.25 mm for 10% replacement, 1.55 mm
for 15% replacement, 1.75 mm for 20% replacement, and 2
mm for 25% replacement. It can be noted that as the LECA

replacement percentage increased, the crack widths also
increased gradually. Simultaneously, the density values of
the LWSCC beams varied as follows: 2312 kg/m® for 0% re-
placement, 1952 kg/m® for 5% replacement, 1915 kg/m? for
10% replacement, 1902 kg/m’ for 15% replacement, 1899
kg/m?® for 20% replacement, and 1890 kg/m? for 25% re-
placement. Table 6 provides the crack width and densities.
The density of the LWSCC beams decreased with increasing
LECA replacement.

4. CONCLUSION

According to the findings of this investigation, the fol-
lowing conclusions were drawn:

1. The compressive strength of the lightweight self-com-
pacting Concrete (LWSCC) is learned to be decreased
by increasing the percentage of lightweight aggregate.
In the case of Lightweight aggregate Concrete produced
with sintered fly ash aggregate, the optimum compres-
sive strength of LWSCC attained at 40% replacement is
29.46 N/mm? of M40 grade concrete.

2. Based on the results, it was discovered that replacing
coarse aggregate with Light expanded clay aggregate
(LECA) aggregate by control mix, 5%, 10%, 15%, 20%,
and 25%, gradually reduced the densities of self-com-
pacting Concrete.

3. As a generalization of these trials, it was found that the
maximum load-bearing capacity of lightweight beam
flexural elements is reduced by up to 35% compared to
conventional beams.

4. The components of the lightweight reinforced concrete
beams displayed behavior comparable to conventional
concrete beams conventional-lightweight Concrete. At
places where the bending moment was most signifi-
cant, the first cracks appeared perpendicular to the
neutral axis.
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Flexural crack formations started as minute structures
invisible to the human eye. The fracture widened as the
ultimate stresses approached, but because longitudinal
reinforcing was provided by indented steel bars, the
crack diameters did not increase excessively.

. With a percentage replacement of pumice aggregate,

fracture width increased; it can be observed that with
15% LECA replacement, P/ reaches its highest value.
Load vs. deflection curves show that central deflections
are more significant than side deflections. The maxi-
mum load values found during beam load frame testing
exceeded those predicted by theory.

It can also be seen that as the proportion of LECA ag-
gregates increased, the beams' maximum load-carrying
capacity decreased.
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1. INTRODUCTION

ABSTRACT

Concrete has been the world's most produced and utilized building material for years due to
its economic and easy accessibility. However, it attracts attention due to the CO, emitted from
cement, the raw material of concrete, during the production and consumption stages. Although
there are different research studies to reduce this emission, one of the most logical solutions is to
use pozzolanic materials with cement and reduce the need for cement. This paper investigated
the general material characteristics of mortar samples generated by substituting obsidian pow-
der with pozzolanic properties into cement at different ratios by weight. Mortar specimens with
varying proportions of obsidian, such as 0%, 10%, 20%, and 30% by weight, were subjected to
mechanical tests at 3, 7, 14, and 28 days. Material tests like X-ray diffraction (XRD) and scanning
electron microscopy (SEM) were employed to characterize the material. As a result of the me-
chanical tests, 42.52 MPa compressive strength was obtained from the 28-day reference sample,
while 44.331 MPa compressive strength was obtained from the mortar sample with 30% obsid-
ian substitution. The outcomes of this paper noted that obsidian powder, which has pozzolan-
ic properties, increased the mechanical strength of cementitious mortar specimens. This work
indicates the suitability of using obsidian as pozzolan material with cement was determined.

Cite this article as: Cakmak, T., Giirbiiz, A., Kurt, Z., & Ustabas, 1. (2024). Mechanical and
microstructural properties of mortars: Obsidian powder effect. J Sustain Const Mater Technol,
9(2), 170-176.

consumption constitute 7% of total emissions [4, 5]. Inno-
vative technologies are needed to reduce cement production

If we have to list the materials that are most produced,
used, and studied in the civil engineering discipline, it is clear
that concrete is the most common material after water [1].
Concrete production, which is increasing with each passing
day because it is cheap and durable, reached 32 billion tons
in 2021 [2, 3]. Since traditional concrete cannot be produced
without cement, cement production is increasing daily de-
pending on concrete production. Today, as global warming
and greenhouse gas effects have improved considerably, the
impact of carbon footprints is gaining importance daily. In
this context, CO, emissions from cement production and

*Corresponding author.
*E-mail address: ilker.ustabas@erdogan.edu.tr

daily for a sustainable environment. Considering the advan-
tages of traditional concrete produced with cement, one of
the ideal solutions is to decrease the use of cement in the
mix by using pozzolanic additives [6, 7]. Generally, materi-
als with pozzolanic properties are known as not binders but
gain binder properties when used with cement. Using poz-
zolanic materials in concrete production reduces the cost
of cement and contributes to the durability properties of
concrete, resulting in an ergonomic concrete output. Most
importantly, it helps to reduce the amount of CO, emitted
by diminishing the amount of cement produced.
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Table 1. Mixture calculations of the mortar series-produced

Mixture name Binder Water CEN  Water/
(g (g) standard binder
Cement Obsidian sand (g) ratio
S1 (reference) 450 0 225 1350 0,5
S2 405 45 225 1350 0,5
S3 360 90 225 1350 0,5
S4 315 135 225 1350 0,5

There are many studies in which pozzolanic materi-
als have been substituted with cement [8-12]. Ustabas and
Omiir [13] searched the changes in the strength and hydra-
tion heat of industrial waste by-products and obsidian pow-
der that they substituted for cement. They stated that the
strengths obtained from the samples produced by substitut-
ing 40% of pozzolanic materials such as obsidian, fly ash, and
blast furnace slag into cement mortars were similar to those
of unsubstituted cement mortars. Kegek et al. [14] examined
the utilization of tuff as a mineral admixture in cement. They
looked into the effect on strength values by substituting tuffs
with different surface area values, which were ground at oth-
er times, into cement. The maximum strength of 37,45 MPa
was obtained in 28 days in substituted cements. Zhao et al.
[15] conducted a study to measure the pozzolanic activity of
waste clay brick powders with different specific surface ar-
eas. They discovered that the strength values grew with the
rise in surface area. Cullu et al. [16] used volcanic rocks as a
substitute for cement at different ratios between 10%-50%
to determine the pozzolanic properties of various types of
volcanic rocks. They found that the ideal mixing ratio was
10%. Araujo et al. [17] observed an 11% higher increase in
compressive strength compared to cement samples when
the ceramic waste used as a cement substitute was 25% by
weight. Aruntas et al. [18] focused on the differences created
by substituting blast furnace slag and hydrated lime into ce-
ment-based mortars and pastes. Although hydrated lime and
blast furnace slag contributed to the concrete at some points
within the scope of the study, it was observed that lower
strength was obtained compared to the reference specimens.

A comprehensive literature review indicated that pozzo-
lanic material experiments were conducted to determine the
pozzolanic characteristics of waste and inert materials. Al-
though there are various studies on common materials like
fly ash, blast furnace slag, etc., there are few studies on inno-
vative materials such as obsidian. This study investigates the
substitution of obsidian, which has pozzolanic properties,
into cement. Compressive strength, XRD, and SEM-EDS
analysis results of concrete mortars were investigated.

2. MATERIALS AND METHODS

Within the scope of the study, concrete mortars were
produced by substituting 10%, 20%, and 30% obsidian to
cement. The obsidian rocks collected from nature were first
crushed in a jaw crusher and pulverized by grinding in a
ball mill. The material/ball weight ratio in the ball mill was
1/24. The information and mixing parameters of the mortar

- Cement Incremental Volume —@— Cement Cumulative Volume
|| Obsidian Incremental Volume—@—Obsidian Cumulative Volume

Incremental Volume, %
Cumulative Volume, %

Particle Size (um)

Figure 1. Cumulative volume and incremental volume
granulometry curves of obsidian and cement.

series used in the study are given in Table 1. The mortar
specimens were cast according to ASTM C109 [19]. After
casting, the mortars were left in the molds for 24 hours be-
fore being removed and water-cured in the curing pool.

2.1. Components

2.1.1. Obsidian

Obsidian rocks obtained from the Cagirankaya region of
Ikizdere District of Rize Province, Tiirkiye, were used in the
study. The specific gravity of the ground obsidian powders
is 2.6, and the average grain size is 53.786 pum. According
to ASTM C618 [20], obsidian powder has N class natural
pozzolanic properties as SiO,+Al O, +Fe,O, >70, CaO<18,
$O,<4 and L.0.1<10. The granulometer curve of obsidian
is given in Figure 1. The chemical contents obtained from
XRF analysis of obsidian are given in Table 2.

2.1.2. Cement

The Portland cement type is CEM II/A-L 42.5 R, obtained
from Trabzon Askale, which suits TS EN 197-1:2012 [21]
requirements. The cement's specific gravity is 3.15 gr/cm’,
with an average particle size of 35.452 pm. The granulometer
curve of the cement is given in Figure 1. Table 2 shows the
chemical contents determined from XRF analysis of the ma-
terials employed as binders in the study. Also, the chemical
phase structure of cement is depicted by XRD in Figure 2.

2.2. Methodology

In this study, The objective was to explore mortars' me-
chanical and microstructural qualities by inserting obsid-
ian, which possesses pozzolanic capabilities, into cement
at 10%, 20%, and 30% by weight. Mortar cube specimens
of 50x50x50 mm?® were cast in line with ASTM C109 [18],
with four separate batches created using two different bind-
ers. For the mortars subjected to mechanical tests on other
days, such as 3, 7, 14, and 28, 3 samples were poured in
each series, and three compressive strengths were averaged.
The experiments were carried out at Recep Tayyip Erdogan
University Building Materials Laboratory, and Figure 3 de-
picts a flow chart covering the working processes.



172

J Sustain Const Mater Technol, Vol. 9, Issue. 2, pp. 170-176, June 2024

0:C;S, #:C,S, *:CAF, ¢:CA

7000 - L] Cement,

6000 -
5000 -

4000 -

o P

3000 -

Intensity (cps)

2000 -

1000

H Compressive Strength

'[ Microstructural Analysis ]

Cement

Figure 3. Flowchart of laboratory and test processes.

2.2.1. Mechanical Strength Experiments

The compressive tests were done on mortar specimens
of dimensions (50x50x50 mm?®) previously cast and ex-
posed to water curing on various days. All conditions, such
as laboratory conditions, mixing water temperature, mate-
rials used, mechanical tests, etc., were implemented by re-
quirement of ASTM C109 [18].

2.2.2. XRD Analysis

XRD analysis is one of the standard methods utilized
to determine the characteristic mineral content of mortar
samples. This study used a Rigaku SmartLab instrument
(Cu-K-beta type PW1830, 26:4-90) for the analysis. The
mortar samples were subjected to mechanical tests and
ground in a ring grinder to prepare them for XRD analysis.
40 kV operating voltage, 0.02 step size, and 40 Ma emission
current were selected as test parameters.

2.2.3. SEM Observations

The EOL JSM-6510 type SEM device was used to an-
alyze the pores of mortar samples in which cement and
obsidian were used as binders using a formal tone. The
electron microscope has parameters like an accelerating
voltage of 20 kV; a current emission of 0.9 nA, a magnifi-
cation range of 5 to 1,000,000, and a resolution of 3 nm.
To produce a clean image, the samples prepared for SEM

[ 3Days| |7Days| |14 Day

8 DaysI

50 -

Compressive Strenght (MPa)

S1 S2 S3

Mixture Name

Figure 4. Compressive strength bar graphs of different
mortar series for 3, 7, 14, and 28 days.

Table 2. Chemical composition of binders (%)

Chemical content Obsidian Cement
SiO, 73,624 17,564
ALO, 13,779 4,619
KzO 5,296 1,006
Na,0 3,959 -
Fe,0, 1,263 2,942
CaO 1,044 63,452
TiO, 0,207 0,343
BaO 0,083 0,018
MgO 0,075 -
Mn304 0,055 0,051
S0, 0,022 2,727
PO, 0,02 0,118
SrO 0,018 0,023
LO.L 0,51 7,34

examination were held at 50 °C for a specific time before
vacuuming. The mortar samples were then put in the test
equipment, covered with Au film, and examined under 50
to 10,000 magnification.

3. RESULTS AND DISCUSSION

3.1. Mechanical Strengths

Figure 4 demonstrates the compressive strengths of
50x50x50 mm mortar specimens generated by ASTM C109
at 3, 7, 14, and 28 days. Mechanical tests on mortar speci-
mens were canceled if they exceeded the average value by
more than +10%. New specimens were cast to repeat the
testing. Figure 4 illustrates that the maximum and lowest
compressive strength values in 3 days were measured from
the S1 and S4 series, respectively. At 3-day values, the com-
pressive strength values of the S2, S3, and S4 series are 96%,
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Figure 5. XRD patterns of S1 and S4 mortar samples.

87%, and 85%, respectively, compared to the strength of ref-
erence S1 which contains 100% cement. There is an inverse
correlation between the amount of obsidian in the mixtures
and the compressive strengths. The 7-day values show a
similar trend to the 3-day compressive strengths. The com-
pressive strength values of the S2, 3, and 5S4 series are 90%,
83%, and 80% respectively compared to the strength of SI.
Obsidian content and compressive strength have an inverse
relationship, similar to the 3-day values. However, it is seen
that the proportional difference between the 7-day values
and the reference sample increases. The 14-day strengths
are identical to the three and 7-day strengths.

However, when 28-day strengths are analyzed, it is un-
derstood that there is a linear connection between obsidian
content and compressive strength. The compressive strength
values of the S2, S3, and S4 series are 104%, 104.1%, and
104.2% respectively compared to the strength of S1. When
the research is evaluated according to TS EN 197-1 [21],
the early compressive strength of the mortar specimens (7
days) should be more than the standard's requirement of 16
MPa, and the 28-day standard compressive strength should
be more significant than 42.5 MPa. The 7-day and 28-day
strengths of the reference control series S1 were 36,35 MPa
and 42,52 MPa, respectively. When the other mixture se-
ries are considered, it is seen that the other series also have
compressive strengths higher than the values required by
the standard. Generally, the compressive strength of the
obsidian-containing mortar specimens was lower than the
reference specimen in the early age period but exceeded
the reference specimen at 28 days. This demonstrates that
obsidian advantages affect mortar specimens’ compressive
strength during the standard age period. Obsidian's favor-
able influence on compressive strength during the typical
age period is assumed to be owing to its high SiO, concen-
tration, which binds the free Ca(OH), in the mixture and
induces the development of extra binder gels [18].

ASTM C 270 [22] provides information about the min-
imum standards that cement mortars should have, and
there are four categories of standards, particularly "M,""S,"
"N," and "O" for various field uses and mortar kinds. The

"M" group has the highest strength requirement among the
classes. Mortars in this group are required to have an aver-
age compressive strength of at least 17.2 MPa in 28 days.
The other "S," "N," and "O" groups have minimum average
compressive strengths of 12.4 MPa, 5.2 MPa, and 2.4 MPa,
respectively. Given the compressive strength values of sev-
eral series in Figure 4, it is seen that all series comply with
ASTM C270 [22] standards, and all series are "M" group.
Therefore, it is seen that the series produced within the
scope of the study comply with the standards and can be
applied in real life.

Ustabas and Omiir [13] studied the impact of obsidian
substitution on the heat of hydration and mechanical char-
acteristics of cement mortar. In this study, 10%, 20%, 30%,
30%, 40%, and 50% by weight of obsidian, blast furnace
slag, and fly ash were added to cement, and the hydration
temperature and 2-, 7- and 28-day compressive strengths of
mortars were investigated. The highest strength value was
obtained from the reference sample containing 100% ce-
ment, while the order of magnitude of the strengths obtained
from 40 wt% substitutions of fly ash, blast furnace slag, and
obsidian were blast furnace slag, obsidian and fly ash, re-
spectively. When the 2-, 7- and 28-day values are analyzed,
it is noteworthy that there is an inverse relationship between
the percentage increase in obsidian weight and compressive
strength. Within the scope of our study, a similar relation-
ship was found in 3, 7, and 14-day strengths. In this context,
the values of the study are based on the literature.

Pehlivan [23] looked into the use of nano-silica in the
manufacturing of calcined cement mortars by adding 10%,
20%, and 30% calcined clay and 0%, 0.5%, and 1% nano sili-
cate to cement and examined 360-day compressive and flex-
ural strengths. While 55.35 MPa compressive strength and
9.43 MPa flexural strength were obtained from the control
specimen containing 100% cement, the series having 10%
calcined clay and 1% nano-silica had the maximum com-
pressive strength of 58.41 MPa and flexural strength of 9.75
MPa. When the strength values are analyzed in general, it
is seen that there are decreases in compressive and flexural
strengths when the additive ratio exceeds 10%. Aruntas et
al. [18] In their study, they substituted 10%, 20%, and 30%
by weight of ground blast furnace slag and slaked lime to
determine the effect of ground blast furnace slag and slaked
lime on cement mortar. Compressive and flexural strengths
were seen to decrease as the replacement rate soared. In this
context, it is seen that our study is compatible with the lit-
erature. Dilek and Akpinar [24] investigated the effect of
using waste bricks and glass as aggregates instead of normal
aggregates on cement mortars. They obtained compressive
strengths of 29.3 and 36.2 MPa in mortars where 100% of
waste bricks and glass were used in 28 days. Although he
received 30.24% and 13.81% lower compressive strength
than the control sample, he received a significant result for
a sustainable future. On the other hand, economy is one of
the most critical criteria for determining building materi-
als for engineering applications. When considered in terms
of economy, cement has a significant share. From this per-
spective, the study results are promising for the future.
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Figure 6. SEM images of S1-28 and S4-28 mortar samples.

3.2. XRD Analysis

The variables are monochromatic wavelength A Cu-
K-beta, model PW1830, 4°-90° 20° angle range with
automatic database for XRD analysis. 28-day-old cement
and obsidian containing different mortar samples were
scanned. The XRD patterns of the samples and their crys-
tal structures are shown in Figure 5. When the model is
examined in general, it is noteworthy that the most essen-
tial and central peak is Quarz (SiO,), as well as the pres-
ence of structures such as CH-Portlandite and ettringite,
which are hydration products. In the XRD model, it is seen
that there are no non-hydrated materials, such as C,S and
C,S, which are the primary base materials of the cement
[25]. This indicates that the cement reacted completely
and formed hydration products. Mortars containing ob-
sidian, on the other hand, do not include any non-hydrat-
ed products. This suggests that obsidian substitution has
no adverse effect on gel formation. Also, obsidian forms
C-S-H gels by connecting free Ca(OH), with its high SiO,
content. Compared to the reference sample S1-28, the S4-
28 sample with 30% obsidian substitution shows a decline
in CH density and a rise in C-S-H content [26, 27]. It is
thought that the primary source of quartz peaks in both
mixtures in the XRD model is due to the CEN standard
sand used in the mix.

3.3. SEM Analysis

28-day-old S1 mortar specimens containing 100% ce-
ment and S4 mortar specimens containing 30% obsidian
substitution were analyzed using SEM to search the mi-
crostructural features. Figure 6 shows x1000 and x5000
zoomed SEM images of different regions. When the S1
sample containing 100% cement in Figure 6a is examined,
the presence of microvoids, C-S-H gel, and ettringite struc-
tures in the structure is noteworthy. In Figure 6b, the struc-
ture of specimen S4 with 30% obsidian substitution shows
C-S-H gel, micro-void, matrix, and ettringite structures
similar to specimen S1. Etrengite is formed as a result of re-
actions between gypsum and aluminate phase. When gyp-
sum is depleted, the remaining aluminate phase reacts with
etrengite to form monosulfates or AFm [28]. As the density
of these structures increases, the materials' mechanical and
durability properties are adversely affected. When the di-
mensions of the structures are examined in detail, the den-
sity of ettringite in sample S4 is very low compared to S1.
In this case, the compressive strengths obtained from the
specimens and SEM images support each other. It is seen
that the volume of microvoids in sample S4 is less than in
sample S1. It is seen that the density of C-S-H gels in sample
S4 is higher compared to sample S1. Figure 5c¢ and Figure
5d show C-H (Portlandite), microcracks, matrix, ettring-
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ite, and unreacted materials in samples S1 and S4. It can
be seen that the density of unreacted materials in specimen
S1 is higher than S4. This is known to have a negative effect
on compressive strength. Similarly, the presence of C-H in
S1 is higher than in S4. Binder materials with pozzolanic
properties contribute to forming new C-S-H by binding
C-H [29-31]. The low C-H density in the S4 series shows a
relationship between the pozzolanic properties of obsidian.
Depending on this situation, the strength properties also
increase. The results obtained from SEM images support
the results obtained from mechanical tests.

4. CONCLUSION

This work compared the mechanical and microstructural
characteristics of cement and obsidian powder substitution
mortar specimens. The results obtained from the mechani-
cal testing and microstructural analysis (SEM, XRD) of the
mortar specimens helped greatly to know the link between
mechanical strength and microstructural characteristics.

The SEM images of the reference specimen and obsid-
ian-substituted mortars clearly show the linear relation-
ship between compressive strength and parameters such as
C-S-H gel density, compact structure, low ettringite densi-
ty, microcracks size, etc. Furthermore, due to the high SiO,
content of obsidian, a pozzolanic material, the high density
of C-S-H peaks in sample S4 in the XRD models of mortar
samples demonstrates the favorable influence of pozzolanic
materials on the mechanical strength of mortars. The study
results show that substituting obsidian in concrete can pos-
itively improve mechanical strength in applications where
early strength is not required. It is thought that different
substitution rates and durability properties of obsidian can
be studied in future studies.
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ABSTRACT

Poor road design is the bedrock for strength deformation and formation of potholes in road
pavement systems. The best choice of aggregates for asphalt concrete production contributes
significantly to road pavement stability, sustainability, and durability at its serviceability life-
style. The use of critical design and analysis techniques for the production of asphalt concrete
is one of the standard means of eradicating the defect of roads’ pavement deformation in the
global construction industries. This study reveals the hidden knowledge about the standard
formulation and mix design required for producing durable asphaltic concrete pavements.
In the experiment, three different mix designs were used to make quality asphalt concrete
for the road’s binder pavement construction. This was done to ascertain the best quality ag-
gregates required to produce durable asphalt concrete to construct binder road’s pavement.
Also, the aggregates used for the production of quality asphalt concrete for the construction
of road’s wearing course pavements were formulated using two mix designs. The results of
the experiments proved that the asphalt concrete made with the aggregate formulated for the
binder course from the first mix design yielded the best outcome, which is suggested for the
global production of quality and standard asphalt concrete for road’ binder pavements’ con-
struction. Although the formulated aggregates for the wearing course’s asphalt production
were made from the two mix designs, however, the obtained results from the first mix design
were satisfactory fell within the specified limits. This made it the best mix design for indus-
trial practice. In addition, the accuracy and efficiency of the results obtained relied so much
on the standard of estimation made to produce quality asphalt concrete, which cost up to
$270,830.00 at Chainages 26 + 700 to 26 + 925. All the experimental results proved that ap-
plication of standard aggregates’ mix design in road pavement construction helps in prevent-
ing the problems of deformation, cracks, and other defects on the roads’ pavement system.
Also, applying the first formulated mix design used in this study will help in maintaining the
sustainable, durable, stable, and flexible road pavement in the global communities. Likewise,
the government's constant expenditure on road pavement maintenance will be reduced.
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1. INTRODUCTION

Asphalt concrete is a composite mixture of aggregates
with standard mineral resources banded together with as-
phalt and Portland cement or epoxy [1]. As investigated by
[2], a material with the potential capacity to revolutionize the
method of road construction is known as asphaltic cement
(hot mixed). It consists of aggregates mixed uniformly with
asphalt-cement coated. Asphalt concrete possesses some
potential properties that make it durable and last longer. Ly-
ing of asphalt — concrete, on road courses has been improv-
ing the level of road surfaces and smoothing them against
damage. The smooth road surface is commonly constructed
with little expense and high-standard quality asphalt for easy
transportation of goods and services [3]. In the construction
industries today, asphaltic concrete surfaces (binder and
wearing courses) are referred to as the most durable surfaces
typically constructed for the smooth driving of automobiles
and transportation of goods and services. Asphalt is a versa-
tile material with suitable properties for construction pur-
poses. Its suitability is the construction of durable and flex-
ible pavements that are far better for automobile rides than
other pavements built from recycle and non-durable mate-
rials such as green asphalt and cement-concrete pavements.
Riding on asphalt concrete pavement reduces the effects of
tear and wear on vehicles and increases the efficiency of fuel
used by car riding, making it more durable [4]. In residential
lodges, manufacturing companies, and construction indus-
tries, asphaltic concrete is used to construct internal roads,
inside and outer access, the floor of motor park centers, and
the seal of water lodge buildings.

According to [5], road pavement analysis and design
were carried out from the 1950s to the 1993s using the
old version of the highway design manual of the Ameri-
can Association of the State, popularly known as AASH-
TO [5]. AASHTO manual was established to control the
quality of asphalt produced for road pavement construc-
tion under the American Highways and geometrical design
association [6]. Although AASHTO is a good manual for
road pavement construction, some of its limitations reduce
its efficient performance in service. One of its limitations
is that it has no complex mix design for standard asphalt
concrete production like the one in the recent AASHTO
design manual. In the early 1990s, a Superpave asphalt
concrete mix design was introduced into the construction
system organized for road binder course classification. A
Superpave road system is referred to as a road pavement
with highly superior performing asphalt concrete built
for smooth transportation of vehicles [7]. The Superpave
road system was implemented by a research programming
group for highway strategic design to reduce the rate of
premature failure of the road pavement and the cost of its
maintenance [8]. Despite the efficient strategic mix design
introduced into the system and the application of suitable
aggregates for the road’s binder pavement construction, ag-
gregate load stresses were still not reduced to the expected
level. Instead, they were prone to more failures, resulting
in creeping, cracking, and deflection of road pavement. To

remove the problem of road pavement deformation, earlier
before establishing the Superpave system, the Hveem mix
design was introduced into the asphalt concrete production
system. This mixed design (Hveem mix design) is a design
technique established by a resident engineer called Francis
Hveem, who worked as a highways engineer at the high-
ways division of California in the United States of America
(USA) in 1920-1930. Hveem mix design was established
to use high quantities of asphalt binder to produce firm-
ly thick asphalt concrete. This type of concrete has less
strength to withstand stress from vehicles during loading,
thus resulting in pavement deformation [9, 10]. Any defor-
mation from the pavement produced by the Hveem mix de-
sign can lead to a high cost of maintenance. The Superpave
design method is far better than this method.

In further investigations to remove this problem of
road pavement deformation from highway systems, [11]
designed and modeled the responses of asphalt concrete
aggregates against deformation. It was conducted for pave-
ment loading stages to work against deformations reflected
from high temperatures and mixes’ viscoelasticity asphalt
pavement. The process was achieved using the finite element
model. Yet, the model's efficiency against those defects was
not totally met. Most of these tests were carried out using
a specified mix design of AASHTO for binder and wearing
layers of the roads’ pavement [12]. Having observed devia-
tions from the expected road pavement construction stan-
dards, a better aggregate mix design is required for the road
pavement system's stability, sustainability, and durability.
Thus, this is the trust of this study.

From the practical point of view, most of the mainte-
nance works on road structures these days are commonly
initiated by improper mix designs of asphaltic concrete ag-
gregates, its poor production, their inaccurate mixing, their
poor methods of laying and compacting courses of asphalt
on road surfaces, and its poor aggregates durability confir-
mation. These defects have caused much damage to global
societies, organizations, and industries. Among the damag-
es are sudden accidents, potholes formation, vehicle parts
destruction, and road surface swaying. The above damages
have called for other standard alternatives for the smooth
transportation of goods and services globally. At that time,
other available means of transportation were heavily af-
fected, and they were too loaded and busy. This has been
increasing the road maintenance culture globally, thus in-
flating the price of goods and services transported and in-
creasing the sale price of goods and commodities globally,
most especially in Nigeria. This study aims to develop and
analyze a global standard mix design for the production of
quality asphalt concrete. It also help in minimizing the high
cost of asphalt concrete for road pavement construction in
the global international market. In connection with the aim,
this study (1) determines the quality of the materials for as-
phalt concrete production, (2) actualizes the accurate mix
design best for the production of asphalt concrete, (3) de-
velops a new standard method at which asphaltic concrete
can be produced to fall within the limit of recommended
specification. (4) ascertain the quantity, quality, and cost of
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Figure 1. (a) Set of Sieves (b) Sieve Shaking Machine (c) Weighing Balances (d) Bitumen Extraction Machine (e) Ther-

mometer (f) Marshall Testing Machine.

asphalt concrete laid on road courses through the use of lev-
eling instrument.

2. MATERIALS AND METHODS

2.1. Materials and Equipment

The materials and equipment used in this experiment
are crushed aggregates of sizes %", %", and 3/8"; quarry
dust, uncrushed aggregate (sharp sand), bitumen, filler (soft
sand), bitumen extraction machine, Marshall Testing ma-
chine, weighing balances, scapular, set of sieves, thermome-
ter, leveling instrument, reading staff, site record book, and
asphalt production plant. Some of these equipments are
shown in Figure 1. For further clarification, a set of sieves is
equipment with square apertures and wire screens, rigidly

woven together in a cylindrical metal frame, generally used
to determine the sizes of particles such as sand, gravel, and
soil [13]. A sieve shaking machine is a device upon which a
set of sieves is placed for efficient sieving of particles under
steady power loading. Also, a weighing balance is a machine
used to determine the mass of a particle, object, or material
to calculate its weight easily. A bitumen extracting machine
is a device that is usually used to remove the total quanti-
ties of bitumen from asphaltic concrete at a controlled tem-
perature by extracting solvents such as petrol and kerosene.
Likewise, a thermometer is a device used to determine the
degree of hotness or coldness of the body or an object. In
asphalt concrete production companies, it is usually used
to assess the degree of hotness of asphalt produced before
laying it as pavement on the road surface.
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Figure 2. The levels of igneous rock assemblage of min-
erals [11].

2.1.1. Crushed Aggregates (Granite) of Sizes %", 15"

and 3/8" Descriptions

Granite is a coarse-grained material extracted from
hard igneous rock. It consists of microcline or orthoclase,
mica, and quartz minerals. Granite is one of the most dura-
ble, oldest building materials. It is essentially used for offic-
es and home luxuries because of its endurable beauty [14].
According to [15], granite is a grain stone called granum
in Latin word. It is normally extracted from granitic rock
that consists of major minerals such as amphibole, mica,
quartz, and feldspar, which influence the interlocking pro-
cess of the granite. Amphibole and mica formed the col-
or minerals during the interlocking process, while quartz
and feldspar formed the scattered dark biotite, often called
hornblende. The coarse grain and a lighter—colored igne-
ous rock is generally called Granitoid. A porphyritic texture
granitic rock is known as granite porphyry [16]. The levels
of igneous rock assemblage of minerals were presented as
shown in Figure 2. The QAPF diagram of coarse-grained
rocks was labeled according to the quantities of plagioclase
feldspar alkali and quartz in half of the diagram. As alkali
modern petrologic convention states, true granite consists
of 35 to 90% of feldspar and 20-60% of quartz by volume.

The granitic rocks with more than 60% quartz are classi-
fied as quartz-rich granitoid or quartzite [17-19]. A typical
granite (or metaluminous granite) is granite that is made up
of alkali and aluminum metals, most especially potassium and
sodium, as shown in the chemical reaction of K,0+Na O+
Ca0>Al,0,>K ,0+Na,0.The granite with less aluminum that
developed into feldspar with alkali oxides, as shown in the
chemical reaction of A1,O,<K,0+Na,O, is referred to as Per-
alkaline [20]. Granite possesses an average density of 2.65 to
2.75 g/cm’ [21, 22]. It has over 200MPa compressive strength
with a viscosity of 3 to 6 x 10*°Pa.S [23]. A dry granite melt
at ambient pressure and temperature of 1215-1260°C (2219-
2300°F) [24]. The melting temperature is usually reduced to
650°C with the presence of water. Granite is poor in primary

Table 1. Chemical composition of granite [15]

permeability but performs better in secondary permeability
through fractures and cracks [25, 26].

2.1.1.1. Chemical Composition and Classifications of

Crushed and Uncrushed Aggregates

Globally, the chemical composition of granite based on
2485 analyses was presented as shown in Table 1.

A %" crushed aggregate is a material for road and con-
crete construction with a 19.1mm size crush size. It is made of
large stones and can be used to construct a base or sub-base in
road pavement construction. It was classified as coarse gravel
since its aggregate sizes fall between 16-64 mm and 19.1mm.
It is also usually used to produce high-strength concrete [27,
28]. Likewise, the crushed aggregate of %" size (12.5 mm) was
classified as medium gravel due to its size gradation that is
within 8-16 mm according to [27] and [28] classification. It
is commonly used to supplement the performance of %" ag-
gregate for high strength yielding during road pavement con-
struction. With this, the base and sub-base materials of the
road will be stronger and compatible. Also, the 3/8 crushed
aggregate was classified into a medium gravel category rang-
ing from 8-16 mm. Majorly, using %” and 3/8” crushed ag-
gregates supplements the structural function of %” aggregate
in producing high-quality asphaltic concrete.

Moreover, the aggregates ranging from 2.36 mm to 0.6
mm were classified into coarse sand (uncrushed). ASTM
classification states that 2.0 mm-0.5 mm of uncrushed ag-
gregate is categorized and grouped into coarse sand materi-
al. The other uncrushed materials were sized to 0.30-0.075
mm and classified into fine sand and quarry dust. Accord-
ing to [28], the specified limit for these groups (other un-
crushed materials) ranged from 0.25 mm-0.06 mm.

The mixture of these aggregates for asphalt production
for road construction has highly increased the strength of
the road surface pavement, especially the binder course. The
classification of the aggregates used in this study proved to
be of high quality and fit for experimental investigation and
road courses” construction (binder and wearing courses). A
quarry dust is defined as a waste obtained when the coarse
aggregate (crushed granite) from rock material is being pro-
cessed into sizes at the quarry [29]. The quarry dust used in
this study was classified into 2.0-0.5 mm due to its presence
of fine particles. They usually replaced sand (fine aggregate)
for asphalt and concrete productions. It is gray and of grade A
standard. It has no packaging type, but its formation is in the
form of chips [28, 30]. The uncrushed material produced by
asphalt concrete in this study is sharp sand. Sand is a granu-
lar loose material generally obtained from the disintegration
of rock, which consists of smaller particles than gravel but
has coarseness than silt and can be used to produce abrasive,
mortar, and foundry molding [31]. The size of sand used in
this experiment is 2.36-0.6 mm. Figure 3 shows the images
of granite, sharp sand, and quarry dust used in this study.

Composition Sio, ALO, KO NaO CaO FeO FeO, MgO TiO, P,0, MnO
(Silica) Alumina
% Constituent (%) 72.04 14.42 4.12 3.69 1.82 1.68 1.22 0.71 0.30 0.12 0.05
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Figure 3. (a) Crushed Aggregate (1/2” granite) (b) Crushed aggregate (3/4” granite) (c) Sharp Sand (d) Quarry Dust.

2.1.2. Aggregates and Their Treatments

The crushed aggregates (sizes %", 12", and 3/8") used in
this investigation were obtained from a quarry site very close
to Okin, Oko, Ogbomoso, Oyo State, Nigeria. The obtained
crushed aggregates were air-dried for four weeks in a cool,
dry place around the quarry site. The air-dried aggregates
were oven-dried again under 105 °C temperature to remove
its optimum moisture content. The dried aggregates were re-
moved from the oven, allowed to cool, and sieved to remove
the clay particles and broken bottles. The sieved aggregates
were stored around the quarry site in a cool, dry place. Also,
the quarry dust used to produce asphalt concrete in this study
was obtained from a quarry that belongs to Dutum Compa-
ny Nigeria Limited at Okin, Oko, Ogbomoso, Oyo State, Ni-
geria. The same crushed aggregate treatment (granite) pro-
cedure was adopted for quarry dust treatment. Furthermore,
the sand used in this research was obtained from a stream
close to Dutum Company’s quarry site at Okin, Ogbomoso.
It was also Sun-dried for two weeks (14 days) like granite
to dry its moisture content completely. The dried sand was
sieved and kept in a cool, dry place until its usage. Likewise,
the soft sand (filler) used in this investigation was to supple-
ment the binding properties of asphalt aggregates for better
production of quality asphalt. The soft sand was obtained
around the Okin quarry site. The soft sand was treated as

that of sharp sand. For standard production of asphalt con-
crete, the quality of bitumen supplied from the market were
determined using the specified limit of 60-70 mm, 80-100
mm, 40-50 mm, 130-150 mm, and 180-200 mm.

2.2. Methodology

2.2.1. Determination of Quality of Bitumen Supplied

for Asphalt Concrete Production

The higher the quality of bitumen is, the greater the qual-
ity of asphalt concrete that will be produced from it. Also,
the more complex the needle penetration into the bitumen
supplied, the higher the quality of the provided bitumen for
asphalt concrete production. As conducted in the experi-
ment, the quality of the provided 60-70 mm grade of bitu-
men with a heating temperature limit of 160-175 °C was de-
termined through the bitumen penetration testing method.
The small bitumen was taken into a small Can and heated to
150 °C on a Bunsen burner. The heated bitumen was poured
into two or more Cans in equal quantities and cooled at 20
°C to 25 °C. The bitumen penetration machine was set in a
good position for the experiment. The hap of plumb was at-
tached to a penetrometer (penetration machine) at the base
to maintain stability. The pin-tip of the penetration needle
was well-positioned for easy penetration. The penetrometer
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Table 2. First asphalt mix design for road binder course laying

Table 3. Second asphalt mix design for road binder course laying

Aggregate used with sizes (in inches) Constituent (%)  Aggregate used with sizes (in inches) Constituent (%)
%” Aggregate (granite, crushed) 27 %” Aggregate (granite, crushed) 25

157 Aggregate (crushed) 18 15” Aggregate (crushed) 10

3/8” Aggregate (crushed) 11 3/8” Aggregate (crushed) 13

Quarry dust (uncrushed) 31.1 Quarry dust (uncrushed) 37.4

Sharp sand (uncrushed) 8 Sharp sand (uncrushed) 10

Bitumen content 4.9 Bitumen content 4.6

Total 100 Total 100

was set to zero (0) to avoid inaccuracy in the reading results.
Then, the pin-tip of the needle was set to coincide with that
of the rod from the penetration scale and set to zero (0). The
penetrometer rod was then released quickly and allowed to
press the bitumen in the Can for 5 seconds. Immediately,
the needle penetration was stopped at precisely 5 minutes.
A rod positioned at the back of the penetration machine
was pressed to touch the rod from the tip of the needle.
Then, the needle penetration reading was taken immediate-
ly. This procedure was adopted and followed repeatedly for
all the bitumen samples tested. The penetration values were
measured in millimeters and recorded accordingly.

2.2.2. Asphalt Mix Design

The three mix proportions produced asphalt concrete
for the road’s binder pavement construction. For the con-
struction of wearing pavement, two mix proportions were
used to experiment with the quality production of asphalt
pavement for the construction of Oko - Ogbomoso - Osog-
bo road by Dutum Company Nigeria Limited in agree-
ment with ASTM: D692/D692M-20, D242/D242M-19 and
D1073-16(2022) standard for the use of coarse aggregates,
filler and fine aggregates for the production of asphalt con-
crete for road pavements construction respectively [32];
following the specification of FMW (1994)’s standard. After
analyzing the asphaltic concrete aggregates, the best mix
proportion among the three proportions used for produc-
ing asphaltic concrete was adopted for quality asphalt pro-
duction. The best mix design was also adopted for the pro-
duction of asphalt concrete for the road pavement wearing
course’s construction from the two mix designs evaluated.

2.2.2.1. Asphalt Concrete Mix Proportion for Binder Course

The first to the third trial mixes produced concrete at a
quarry site around Okin-Oko, Ogbomoso. For efficient as-
phalt production, the crushed and uncrushed aggregates were
placed into the asphalt plant in percentages, and asphalt con-
crete was produced using the three-mix design. During the
first mix, %” aggregate (crushed) was placed inside the asphalt
plant’s mixer, occupying up to 27% of the total aggregates. Fol-
lowing this, about 18% of ¥2” aggregate (crushed) was placed
inside the same asphalt plant’s mixer. The two aggregates in
the mixer were thoroughly mixed and prepared for the next
stage. Then, about 11% of 3/8” aggregate (crushed) was added
to the mixture of the aggregates in the asphalt plant mixer,
and all the aggregates were thoroughly mixed for the second
time. After a while, 31.1% and 8% of quarry dust and sharp

sand were also added to the mixed aggregates in the asphalt
plant mixer. All the aggregates (crushed and uncrushed) in
the asphalt production plant’s mixer were re-mixed for the
third time to have a homogeneous composite. Then, about
4.9% of bitumen was added to the mixed aggregates in the
asphalt plant mixer, remixed several times, and heated at high
temperatures to produce quality asphalt concrete. Concrete
was produced after the aggregates with bitumen have passed
through the several stages of industrial processes in the as-
phalt plant. The concrete produced was discharged into the
Lorries, transported them to the site where the pavements
will be constructed. The mix designed adopted for this as-
phalt production is presented in Table 2. The second and
third trial mixes were experimented following the steps used
to produce asphalt concrete in the first mix design. Here, the
aggregate mix proportion used to produce asphalt concrete
differs from that of the first trial mix. This second trial mix
comprises 25%, 10%, and 13% of %”, %, and 3/8” crushed
aggregates and 37.4% and 10% of quarry dust and sand res,
respectively. Also, the percentage of the bitumen added was
about 4.6%. This percentage (4.6%) is lower than the first mix
design. The third mix design used 27%, 15%, and 11% of %,
17 and 3/8’crushed aggregate, respectively. As used in the ex-
periment, the sand and quarry dust percentages included in
the mix were 10% and 32.2%, respectively. 4.8% of bitumen
was added to the mixed aggregates before the aggregate's final
processed to produce asphalt concrete for the binder pave-
ment construction. This value (4.8%) is more than the per-
centage used in the second mix design (4.6%) by 0.2%. Tables
2-4 present the mix proportions for the production of asphalt
concrete from first to third mix designs. To produce quality
asphalt concrete for road-wearing pavement construction,
the above procedures used for producing asphalt concrete
for binder pavement construction were adopted. During the
mixing of aggregates to produce asphalt concrete for wearing
pavement construction, the volume of sand included in the
mix was reduced, and that of quarry dust was increased. As
shown in Table 5, 20% of %”-%” of crushed aggregate was
used for the investigation, while the %”-3/8” of crushed ag-
gregates used were up to 27%. For smooth concrete produc-
tion, 10% of sand and 42.2% of quarry dust were mixed thor-
oughly with the measure aggregates in the mixer to form a
uniform composite. The initial mixed aggregates were mixed
again thoroughly with 5.8% bitumen for the second time, af-
ter which it passed through series of stages before the asphalt
concrete was produced. The asphalt concrete produced was
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Table 4. Third asphalt mix design for road binder course laying

Aggregate used with sizes (in inches) Constituent (%)

%” Aggregate (granite, crushed) 27
14” Aggregate (crushed) 15
3/8” Aggregate (crushed) 11
Quarry dust (uncrushed) 32.2
Sharp sand (uncrushed) 10
Bitumen content 4.8
Total 100

Table 5. Asphalt mix design for road wearing course lying (first
mix design)

Aggregate used with sizes (in inches) Constituent (%)
%” - Y2"Aggregate (crushed) 20

¥2” - 3/8” Aggregate (crushed) 27

Quarry dust (uncrushed) 37.2

Sharp/soft sand (Filler) (uncrushed) 10

Bitumen content 5.8

Total 100

transported to the site where the road-wearing pavement
will be constructed. The second mix design was experiment-
ed with, to produce asphalt concrete for the construction of
road’s wearing course’s pavement according to the proportion
stated in Table 6.

2.2.3. Extraction Test and Asphalt Grain Analysis

2.2.3.1. Bitumen Extraction Test

The extraction of bitumen content from the fresh-
ly produced asphalt concrete was carried out to ascertain
the quantity and quality of bitumen used to produce as-
phalt concrete for the sustainability of the Oko-Ogbomo-
so-Osogbo road which was under construction then in
Nigeria. The following procedures were adopted: extract of
bitumen from the asphalt concrete produced using three
different mix designs. During the investigation, a certain
quantity of asphalt concrete was taken from an asphalt pro-
duction plant at Okin, Oko-Ogbomoso, Oyo State, Nigeria.
The collected samples were heated on the bursen burner
until their heat temperature read 150 °C on the thermom-
eter. Then, the riffle box apparatus was set out to distribute
the heated asphalt concrete evenly for easy testing. In each
of the extraction test carried out, 1200 g of heated asphalt
was measured on a weighing balance. The weighed samples
were placed on clean trays and correctly positioned for test-
ing. Also, the filter disc paper, which was used to protect the
weighed sample from losing or dropping out during the bi-
tumen extraction was weighed on a scale. The earlier mea-
sured 1200g heated asphalt concrete sample was transferred
into the rotor bowl inside the centrifuge bitumen extracting
machine. The weight of asphalt, together with that of the
rotor bowl, was measured before testing. At that point, the
bitumen-extracting machine was well-positioned for the
test. After the machine positioning, a bitumen-extracting
solvent (petrol or kerosene) was poured on the heated sam-
ples, which were earlier transferred into the rotor bowl, af-
ter which a new weighed filter disc paper was placed on top
of the rotor bowl to prevent it from losing aggregates con-
tent of the sample testing. Also, it was used to avoid wasting
bitumen during the extraction process. At this stage, the
heated samples with solvent and disc paper placed inside
the rotor bowl were covered with the extraction machine’s
lid. Then, the rotor bowl was keyed down with its lid using
the nuts and bolts at the edge of the centrifuge bitumen-ex-
tracting machine. After properly tightening the nuts and
bolts of the machine with the rotor bowl, it was powered

Table 6. Asphalt mix design for road wearing course lying (second
mix design)

Aggregate used with sizes (in inches) Constituent (%)
%” - Y2"Aggregate (crushed) 18

1” - 3/8” Aggregate (crushed) 22

Quarry dust (uncrushed) 49.4

Sharp/soft sand (Filler) (uncrushed) 5

Bitumen content 5.6

Total 100

on to start the extraction process. In the extraction process,
the rotor machine motion speed was controlled, and it was
gradually increased. This was done to prevent the escape of
extract (solvent with bitumen) from the rotor bowl to the
machine operators and laboratory technicians, which can
lead to injury or burning of their skin. It was also observed
that the higher the speed, the hotter the mixture of asphalt
and solvent can lead to a fire outbreak. After 2-5 minutes
of extraction, when the solvent might have washed the bi-
tumen from the asphalt concrete away, the extraction ma-
chine was stopped, and the dissolved bitumen was drained
from the mixture of solvent and asphalt in the rotor bowl.
This process was repeated, and more solvent were poured
on the aggregate in the bowl until no trace of bitumen was
observed in the drained solvent after the extraction. The
extraction process was stopped at the total draining of the
bitumen from the sample. At the final stage, the extracted
solvent was drained from the rotor machine, and the bowl
and aggregates remained in the bowl after extractions were
brought out from the machine. All the aggregates that es-
caped during the extraction process from the rotor bowl to
the filter paper disc were brushed off into the bowl. Also,
all the aggregate in the bowl was oven-dried at a steady and
controlled temperature to dry off all its moisture content.
After properly drying of the aggregate in the oven, the ag-
gregates were removed, weighed, and kept in a cool, dry
place for sieve analysis. At this time, the weight of the filter
disc paper was also determined after the extraction process.

2.2.3.2. Sieve Analysis of Extracted Aggregates

After the bitumen extraction, the sieve analysis of asphalt
concrete’s aggregate was conducted as follows: The dry aggre-
gate was taken from the oven and allowed to cool for some
minutes. The specified sets of sieves, ranging from 3/4” (19.1
mm) to No. 200 (0.075 mm), were set as shown in Table 7.
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Table 7. Sieve sizes arrangement in mm and inches

Sieve sizes in inches 3/4” %> 3/8” No.7 No. 14 No. 100 No. 200

Sieve sizes in mm 19.1 12.7 9.5 2.3 1.18 0.60 0.075 or 75um

Table 8. Set of sieve size for binder and wearing courses” asphalt aggregates

Source of aggregate Binder and Wearing Course Aggregates

Sieve sizes (mm) 38.1 25.4 20.0 12.7 100 6.35 2.36 1.18 600 300 150 75 Passing
gum  um pm  pm  base plate

Then, the sets of sieves were placed on the electronic
sieve shaking machine for sieve analysis. The oven-dried
extracted aggregates were placed on a 19.1 mm sieve on
top of the set. Then, a metallic cover was placed on top
of the set sieve and tightened at both edges with the rods
beside the sieve sets. The sieve shaker was powered on,
and speeds were applied steadily to quickly sieve the ag-
gregates. The retained aggregate on each set of sieves was
measured and classified according to size. The values of
aggregates from sieve analysis were compared with that
of the specified standard stated by the Federal Ministry
of Works (Federal Ministry of Works’ Road Specification,
1994). The sizes of sieves specified for sieve analysis of the
extracted aggregates from asphalt concrete for road bind-
er and wearing course laying are shown in Table 8.

After the bitumen extraction process, the weights of ag-
gregates observed were determined as follows:

The weight of asphalt concrete with solvent and rotor
bowl in grams was represented by A, that is,

A = Weight of asphalt concrete + solvent + rotor bowl.
The weight of the rotor bowl measured was represented by
B, and then, the weight of the mixture (asphalt concrete +
solvent) in the bowl was determined using Equation 1.
Weight of mixture (asphalt concrete + solvent)(C)=A -B (1)

The weight of filter disc paper before testing was deter-
mined to be D, and its value after testing was determined
to be E. Therefore, the weight of aggregate retained on the
filter paper (F) was calculated using Equation 2.

Weight of aggregate retained on the filter paper (F)=E-D (2)

Also, the weight of aggregates in the bowl after the bi-
tumen extraction was G, while the weight of total aggre-
gates in the bowl with filter paper was H. Then, the weight
of bitumen in asphalt concrete tested was calculated using
Equation 3.

Weight of bitumen in asphalt concrete tested=C - H (3)

The percentage of bitumen used on the total weight of
mixture (J) was determined using Equation 4.

Percentage of Bitumen used on the total weight of mix-
ture (J)

_ Weight of Bitumen

= 0,
Weight of Mixture x100%

I
= E x100%

(4)

Also, the percentage of bitumen used on dry aggregate
mixture was determined using Equation 5.

Weight of Bitumen

Percentage of Bitumen on dry aggregate Weight of Total aggregates in the bowl

I
x100% = x 100% )

2.2.4. Surveying Method of Determining the Cost of

Asphalt Concrete Laid

The cost of asphalt concrete laid at the construction of the
Ogbomoso — Osogbo — Oko Federal road was estimated for
using the leveling method of measurement as prescribed by
the regulation of the surveying department at Dutum Com-
pany Nigeria Limited, which is the contractor of the project.
This study only considered the cost estimate of asphalt con-
crete laid at chainage 26 + 700 to chainage 26 + 925 of the
road. During the survey measure, the road surface level was
determined and recorded as the initial level before the com-
mencement of asphalt lying. Also, after laying asphaltic con-
crete, the level of road pavement was retaken to determine
the actual volume of asphalt concrete laid. In the leveling pro-
cesses, the level instrument was fixed on its tripod stand and
tight firmly as shown in Figure 4. Then, the leveling device
was set accurately to cancel zero error. Then, the level instru-
ment was put on a small pillar at chainage 26 + 700, referred
to as the initial total benchmark (TBM). At the initial TBM,
the first back sight of the road leveling was taken using staft
and level equipment. Also, the road's high curvature (H.P.C.)
was determined using a leveling device, staff, and measuring
tape. A reduced internal level (R.I.L) of sights measurement
was assumed to be 1012.500 for easy calculation. This value
was used to determine the level of each point of the road at
that location. Likewise, at chainage 26 + 700, around the TBM
location, surveying staff was placed at the center of the road
tip to do a reading from the level device, referred to as the first
inter-sight of surveying measurement. The second inter-sight
reading was taken when the staff instrument was placed at
the road's right-hand side (R.H.S.), and the level device was
used to take a reading from the staff. The following reading
from the staff was taken at the road's left-hand side (LHS),
called inter-sight reading. The values obtained were used to
determine the R.LL of all the sighted measurements. The
above steps were repeated until there was a change of point
in the measurement. These processes were carefully followed,
and the readings were taken from Centre, RHS, and LHS until
chainage 26 + 925 was reached. When there was a change in
the reading level taken on the road from the staff sights, the
previous foresight (FS) and the new backsight (BS) were tak-
en for the measurement. The values obtained from the read-
ings were tabulated as shown in Table 9.
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Figure 4. (a) Survey Staff (b) Level device fixed on tripod stand (c) Taking of road levels by the chief surveyor.

After the asphalt concrete was laid, the above steps and
methods were adopted for road leveling. This value was de-
termined by the total volume of asphalt concrete laid (Fig.
5). The volume obtained from sight readings was used to
estimate the cost of the asphalt concrete laid from chainage
26 + 700 to chainage 26 + 925, which is about 250 minutes.
For accuracy of sight measurement, equation 6 was used to
check the efficiency of the recorded values.

3. RESULTS AND DISCUSSIONS

The results of the investigation conducted on the three
different aggregates mix designs for asphalt concrete pro-
duction for binder course lying and that of two mix designs
for wearing course pavements construction, together with
their estimated costs obtained, are presented as follows.

3.1. Marshall Test Results on Asphalt Concrete for
Binder Course

3.1.1. Marshall Test Results of Asphalt Concrete for

Binder Course From First Aggregate Mix Design

The laboratory test results of the asphaltic concrete pro-
duced from the first mix design are presented in Tables 10,
11 and Figure 5. As shown in Table 10, the percentage of ag-

gregate passing sieve sizes %” (19.1 mm), %” (12.5 mm), 3/8”
(9.5 mm), and %” (6.5 mm) were recorded as 86.4%, 66.7%,
57.88%, and 49.4% respectively. These values were within the
specified limit of 70-100, 55-80, 47-70, and 40-60 percent,
as stated by the Federal Ministry of Works and Housing for
road-binder course pavement construction (1994). The re-
sults show that aggregates from the first mix design used to
produce asphalt concrete are valuable with good structural
properties to resist the stress generated through loading on
road pavement during its serviceability life span (Fig. 5).
The specified limit approved for the aggregate passing
sieve sizes No. 7 (2.38 mm), No. 14 (1.18 mm), No. 25 (0.60
mm), and No. 52 (0.30 mm) were ranged as 27-45, 20-34,
14-24 and 8-20 percents respectively by Federal ministry’s
specification. The percentages of aggregates passing through
the sieve mentioned above sizes are 35.6%, 26.2%, 18.2%,
and 13.6%, respectively. These values were perfectly fixed
to the specified limit stated for the binder course aggre-
gates for road construction according to the specifications
of the Federal Ministry of Works and Housing (FMWH)
road. The efficiency of these aggregates in road construc-
tion (significantly, the binder course) are shown in Figure
6 and are classified as fine aggregates. Likewise, the num-
ber of aggregates that passed through sieves No. 100 (0.150

Table 9. Format of recording Level values before and after asphaltic concrete lying

Back Sight (B.S.) Inter Sight

(I.S.)

Fore Sight
(ES.)

High Point of
Curvature (HPC)

Reduce Internal Distance Remarks

Level (R.I.L)
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Figure 5. Chart of gradation result of asphalt concrete for

road binder course laying from first mix design.

mm) and no. 200 (0.075 mm) also meet the specified limit
of 5-15% and 2-7%, as stated for this classification. Ag-
gregate passing through sieve No. 200 is referred to as clay.
From the gradation result presented in Table 10, it was ob-
served that all the aggregates used for the experiment were
of high quality and suitable for asphalt concrete production
for road binder pavement construction. As shown in Fig-
ure 6, all the aggregates’ values presented were between the
middle of the specified limit (envelope) for quality asphalt
concrete production. This proves the first concrete mix de-
sign efficiently produces quality asphalt concrete for road
binder course laying. Thus, this first mix design is highly
recommended for global asphalt concrete production for
the binder course of the road. As presented in Table 11, the
bitumen content in the first mix design of asphalt concrete
was calculated to be 4.9%. This is the bitumen content ex-

Table 10. Granisize analysis of asphalt concrete for road binder course laying from first mix design

Sieve size (inch) Sieve size (mm) Weight retained (g) % Retained (%) % Passing (%) Specification
21/2” 63.5

27 50.6

1% 38.1

1% 31.8

17 25.4 - - - 100
% 19.1 155 13.6 86.4 70-100
1/2” 12/7 225 19.7 66.7 55-80
3/8” 9.5 102 8.9 57.8 47-70
79 6.5 96 8.4 49.4 40-60
3/16” 4.76

1/8” 3.45

No. 7 2.36 157 13.8 35.6 27-45
No. 14 1.18 107 9.4 26.2 20-34
No. 25 0.600 89 7.8 18.4 14-24
No. 36 0.425

No. 52 0.300 55 4.8 13.6 8-20
No. 72 0.212

No. 100 0.150 43 3.8 9.8 5-15
No. 200 0.075 63 5.5 4.3 2-7
200 pass 0.075 49 4.3

Contract: Ogbomoso-Osogbo-Oko Road Project; Sample Ref.: Binder Course; Location: Chainage 26+700 to chainage 26+925; Weight of total

aggregate: 1141.4g

Table 11. Extracted Bitumen from asphalt concrete for road binder course laying from the first mix design

Reference Description Value Unit
A Weight of mixture+bowl 2010 g
B Weigram bowl 870 g
C Weight of mixture = A-B 1200 g
D Weight of filter before testing 0.2 g
E Weight of filter after testing 0.6 g
F Weight of material retained by filter = E-D 0.4 g
G Weight of aggregate in the bowl 1141 g
H Weight of total aggregate = F+G 11414 g
I Weight of bitumen = C-H 58.6 g
] % of Bitumen on the total weight of mixture = I/Cx100 4.9 %
K % of Bitumen on dry aggregate = I/Hx100 5.1 %
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Figure 6. Chart showing the gradation result of asphalt
concrete for road binder course laying formed from second
mix design Grainsize.

tracted from 1200 g of asphalt concrete sample used. The
result obtained is equivalent to the initial percentage used
during the production of asphalt concrete (4.9%). As shown
in the result, the quality of bitumen used in the first mix is
accurate and efficient. The aggregates analysis and bitumi-
nous content results show that asphalt concrete produced
from the first mix design is of high quality and is an efficient
construction of a sustainable road’s binder course layer.

3.1.2. Marshall Test Results of Asphalt Concrete for Road

Binder Course Laying from Second Mix Design

The result of aggregates” analysis from the second mix
design of asphalt concrete was wasted, as shown in Figure 6
and Tables 12, 13.

As shown in Table 12, the percentage of crushed aggre-
gates passing sieve sizes %” (19.1 mm), %" (12.5 mm), 3/8”
(9.5 mm), and %” (6.5 mm) were 90%, 72.5%, 64.2%, and

Table 12. Grain size analysis of asphalt concrete for road binder course laying from second mix design

Sieve size (inch) Sieve size (mm) Weight retained (g) % Retained (%) % Passing (%) Specification
21/2” 63.5

2”7 50.6

1% 38.1

1% 31.8

17 254 - - - 100
%> 19.1 114 10 90 70-100
1/2” 12/7 200 17.5 72.5 55-80
3/8” 9.5 95 8.3 64.2 47-70
179 6.5 52 4.5 59.7 40-60
3/16” 4.76

1/8” 3.45

No. 7 2.36 164 14.3 45.4 27-45
No. 14 1.18 150 13.1 323 20-34
No. 25 0.600 98 8.6 23.7 14-24
No. 36 0.425

No. 52 0.300 95 8.3 154 8-20
No. 72 0.212

No. 100 0.150 85 7.4 8.0 5-15
No. 200 0.075 64 5.6 2.4 2-7
200 pass 0.075 27 2.4

Contract: Ogbomoso-Osogbo-Oko Road Project; Sample Ref: Binder Course; Location: Chainage 26+700 to chainage 26+925; Weight of total

aggregate: 1144¢g

Table 13. Extracted Bitumen from asphalt concrete for road binder course lay from second mix design

Reference Description Value Unit
A Weight of mixture+bowl 1470 g
B Weight of bowl 270 g
C Weight of mixture = A-B 1200 g
D Weight of filter before testing 1.0 g
E Weight of filter after testing 2.0 g
F Weight of material retained by filter = E-D 1.0 g
G Weight of aggregate in the bowl 1143 g
H Weight of total aggregate = F+G 1144 g
I Weight of bitumen = C-H 56 g
] % of Bitumen on the total weight of mixture = I/Cx100 4.7 %
K % of Bitumen on dry aggregate = I/Hx100 4.9 %
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Figure 7. Laying of asphalt concrete at the binder course.

59.7% respectively. Though the percentage of aggregates
that passed %” sieve (90%) was within the specified limit
(70-100%) set by FMWH on an excellent binder course of
a road, the obtained values were so close to the upper limit
of the specification. This implies that %” size aggregate has
a higher volume in the third mix design formulated than
other aggregates. This might cause ineffective compaction
of aggregates during construction because the aggregate
size is too big for perfect compatibility. The asphalt com-
paction quality will be improved if the aggregate percentage
is reduced to 75-80% for accurate compaction. Also, the
value of aggregate passing sieves %" (72.5%), 3/8” (64.2%),
and %” (59.7%) are within the Ministry’s specified value,
like 55-80%, 41-70%, and 40-60% as stated by FMWH.
Although the values obtained are within the specified lim-
it, the recorded values were too close to the edges of those
specifications. As observed, some crushed aggregates are
more significant than expected compared to the specified
limit (Fig. 7). The aggregate values within the specified
boundaries should be reduced to 65-72%, 58-62%, and
48-53% for perfect compaction of aggregates during the
pavement construction at the binder course of the road.
The categories of aggregates that passed through sieves No.
7, No. 14, No. 3,6, and No. 52 were found to perfectly satisfy
the specified standard of uncrushed aggregate (sand) (2.4-
0.5 mm,) which is in agreement with the findings of [33].
The percentage of aggregates that passed through the above
set of sieves was calculated to be 45.4%, 32.3%, 23.3%, and
15.4%, respectively. Some aggregates that passed through
sieve No. 7 are too big compared to others in the same cate-
gory. As shown in Figure 7, the aggregate percentages spec-
ified to be within the limit of 27-45%, as stated by FMWH,
are beyond the expected values. Therefore, there should

be aggregate quantity reduction, which should range from
32-40%. Also, the value of aggregate passing sieve No. 14
(32.3%) is too close to the specified limit (20-34%) for per-
fect construction and compaction; it will be okay if it is re-
duced to 25-30%. Likewise, the values of aggregates passing
sieves No. 25 and No. 52 have to be reduced and should fall
within the range of 18-20% and 12-14% instead of 23.4%
and 15.4% obtained. Percentages of other aggregates pass-
ing sieves No. 100 and No. 200 obtained (8.0% and 2.4%,
respectively) are standard for producing sustainable asphal-
tic concrete compared with the specified limit approved by
FMWH. The results analysis showed that the asphaltic con-
crete made from the second mix design is inefficient for the
road’s binder layer’s construction, as the one produced from
the first mix design. Therefore, the aggregate sizes formulat-
ed from the first mix design for asphalt concrete production
are adopted to produce quality asphalt for the road’s bind-
er layer. Like the concrete made from the first mix design,
the quantity of bitumen used to produce asphalt concrete
through the second mix design was calculated to be 4.7%.
This value is obtained through the bitumen extraction pro-
cess. The value (4.7%) was 0.1% more than that obtained
from concrete from the first mix design (4.6%).

3.1.3. Marshall Test Results of Asphalt Concrete for

Road Binder Course from Third Mix Design

The aggregate analysis results and the bitumen content
produced from the third mix design are shown in Tables
14, 15 and Figure 8. As presented in Table 13, the num-
ber of aggregates passing sieve sizes %7, %7, 3/8”, and 4~
were analyzed and classified as medium gravel. According
to [33], the aggregates in this category were of sizes 8-16
mm. The percentages observed, 90.0%, 64.9%, 56.8%, and
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Table 14. Granisize analysis of asphalt concrete for road binder course lay from third mix design

Sieve size (inch) Sieve size (mm) Weight retained (g) % Retained (%) % Passing (%) Specification
21/2” 63.5

27 50.6

1% 38.1

1% 31.8

17 254 - - 100 100
% 19.1 108 10.2 90.0 70-100
1/2” 12/7 270 25.1 64.9 55-80
3/8” 9.5 88 8.1 56.8 47-70
79 6.5 79 7.3 49.5 40-60
3/16” 4.76

1/8” 3.45

No. 7 2.36 85 7.9 41.6 27-45
No. 14 1.18 88 8.2 334 20-34
No. 25 0.600 110 10.2 23.2 14-24
No. 36 0.425

No. 52 0.300 100 9.3 13.9 8-20
No. 72 0.212

No. 100 0.150 80 7.4 6.5 5-15
No. 200 0.075 70 6.5 2-7
200 pass 0.075

Contract: Ogbomoso-Osogbo-Oko Road Project; Sample Ref: Binder Course; Location: Chainage 26+700 to chainage 26+925; Weight of total
aggregate: 1078g

Table 15. Extracted Bitumen from asphalt concrete for road binder course lay from third mix design

Reference Description Value Unit
A Weight of mixture+bowl 1370 g
B Weight of bowl 170 g
C Weight of mixture = A-B 1200 g
D Weight of filter before testing 1.0 g
E Weight of filter after testing 25 g
F Weight of material retained by filter = E-D 1.5 g
G Weight of aggregate in the bowl 1075.0 g
H Weight of total aggregate = F+G 1076.5 g
I Weight of bitumen = C-H 123.5 g
] % of Bitumen on the total weight of mixture = I/Cx100 10.3 %
K % of Bitumen on dry aggregate = I/Hx100 11.5 %

49.5%, were within the specified limit of 70-100%, 55-80%,
47-70%, and 40-60% respectively, stated by FMWH for sta-
bility and durability of asphalt binder concrete. As shown in
Figure 8, the quantity of aggregate passing sieve size %” was
very close to the specified limit. A good value is expected to
be within the specified envelope (lower and upper limit) as
stated in the FMWH specification. This value must be re-
duced and should fall between the 78-85% range for quali-
ty production of asphalt concrete and efficient compassion
and sustainability of the aggregates. Also, as shown in Table
14, the percentage of aggregates passing sieve sizes %~ and P
3/8” (64.9% and 58.8%) were within the middle of the spec- RNERAN IS RN “‘@Lo.”eo»go-%o.»&&;@
ified boundaries (lower and upper limit) that is 55-80% and v
47-70% respectively. The values obtained were quality to
produce asphalt concrete pavement. Also, the percentage of ~ Figure 8. Chart showing the gradation result of asphalt con-
aggregate passing sieve %” is average, but it requires a bit of  crete for road binder course laying from third mix design.
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Table 16. Granisize analysis of asphalt concrete for road wearing course lying from the first mix design

Sieve size (inch) Sieve size (mm) Weight retained (g) % Retained (%) % Passing (%) Specification
21/2” 63.5

2”7 50.6

1% 38.1

1% 31.8

17 25.4

%> 19.1 - - 100 100
1/2” 12/7 83 7.3 92.7 85-100
3/8” 9.5 100 8.8 83.9 75-92
179 6.5 121 10.7 73.2 62-82
3/16” 4.76

1/8” 3.45

No. 7 2.36 200 17.6 55.6 50-65
No. 14 1.18 157 13.8 41.8 36-51
No. 25 0.600 99 8.7 33.1 26-40
No. 36 0.425

No. 52 0.300 117 10.3 22.8 18-30
No. 72 0.212

No. 100 0.150 54 4.8 18.0 13-24
No. 200 0.075 89 7.8 10.2 7-14
200 pass 0.075 115 10.2

Contract: Ogbomoso-Osogbo-Oko Road Project; Sample Ref: Wearing Course; Location: Chainage 26+700 to chainage 26+925; Weight of total

aggregate: 1135¢g

adjustment (reduction) for its suitability for concrete pro-
duction. Its value should be within the 50-52% range for
more accuracy and compatibility.

All the aggregates that passed through sieves No. 7, No.
14, No. 25, and No. 52 were classified as fine aggregates us-
ing the size limit of 2.4-0.5 mm according to [34]. The t
passed through these sieves was 41.6%, 33.4%, 23.2%, and
13%, respectively. The quantity of aggregate through sieve
No.7 (41.6%) shows that the aggregates used need adjust-
ment since their values were too close to the specified limit
(27-45%). There should be a reduction in the aggregates’
volume for accurate compatibility during the compaction
of aggregates. The suggested reduction should be within
the range of 35-39%. Likewise, the percentages of aggre-
gates passing sieves No. 14 (33.4%) and No. 25 (23.2%)
obtained were too close to the upper limit of the specifica-
tion (20-34% and 14-24%). These values should be within
the range of 20% for accurate and efficient compatibility.
The compatibility rate of aggregate passing sieve No. 52
(13.9%) was correct compared to the 8-20% specification
recommended by FMWH. Also, the obtained aggregates
value (13.9%) fell within the middle of the specified limit
(envelope) of 8-20% according to FMWH standards. The
value of aggregate passing sieve No. 100 needs adjustment.
The adjustment should be within 8.5-10% instead of 6.5%.
The percentage of bitumen extracted from asphalt concrete
produced from the third mix design is 11.5%. This value
(11.5%) is more than the percentage of bitumen specified
for average asphalt production from the third mix design,
which is 4.8% (Tables 4 and 14). The increment is about

6.5%, which shows that the percentage of bitumen in as-
phalt concrete produced from the third mix design was
not adequately controlled. For effectiveness, its bitumen is
constantly controlled. Figure 7 shows the laying of asphalt
concrete at the binder course.

Considering the three results of asphalt concrete ob-
tained from the first, second, and third mix designs, the
first mix design output is the best. It consists of accurate
analysis results. Their aggregates were compatible and con-
sisted of durable qualities. Therefore, the first mix design
is recommended for producing concrete for road binder
course construction. This experimental output is accurate
and adequate for constructing global roads’ binder courses
with high sustainability and durability properties. Having
obtained the first mix design as the best design method for
stable binder pavement, this result is compared with other
previous research outputs. According to [35], investigations
were conducted to correct the properties of asphalt mix
aggregates against fracture toughness. The results proved
that applying lower asphaltic binder aggregates into road
pavement construction reduced the intensity of concrete’s
fracture toughness but affected the stability and sustainabil-
ity of its aggregate during tension. However, the output of
this research negates the defect of fracture toughness as ob-
served by [35]. In this experiment, no rutting defects were
observed beneath the road binder pavement constructed
with the concrete made from binder aggregate mix design.

Meanwhile, in the results of [36], there was a forma-
tion of 4% air voids and deep rutting deformation beneath
the roads’ binder pavement. This was increased with an
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Table 17. Extracted bitumen from asphalt concrete produced for road-wearing course pavement construction using the first-wearing
course mix design
Reference Description Value Unit
A Weight of mixture+bowl 2070 g
B Weight of bowl 870 g
C Weight of mixture = A-B 1200 g
D Weight of filter before testing 0.2 g
E Weight of filter after testing 0.6 g
F Weight of material retained by filter = E-D 0.4 g
G Weight of aggregate in the bowl 1135 g
H Weight of total aggregate = F+G 1135.4 g
I Weight of bitumen = C-H 64.6 g
] % of Bitumen on the total weight of mixture = I/Cx100 5.4 %
K % of Bitumen on dry aggregate = I/Hx100 5.7 %
increase in the rate of binder aggregate in the mix. There-
. . . . 120 4 —&—% Passing

fore, the value obtained in this study (especially from the

~fi—Lower Spec. (%)
first mix design) will significantly improve road pavement 100 A —4—Upper Spec. (%)

quality produced in construction industries. It was also
observed that the output of this study satisfied the stabil-
ity conducted through the Marshall testing. This is in line
with the results of [37], which show that the application of
cement aggregates improved the performance of asphalt
concrete when loading during tension.

3.1.4. Granisize Analysis and Bitumen Extraction Test

Results of Asphalt Concrete for Wearing Course Lying

using the wearing course first mix design

The grain size analysis results and bitumen extraction
test obtained from the asphalt concrete produced from as-
phalt mix design for the wearing course were presented as
shown in Tables 16, 17 and 8. As shown in Table 16, the per-
centage of aggregates passing sieves %” (12.5 mm), 3/8” (9.5
mm), and %” (6.5 mm) were calculated to be 92.7%, 83.9%,
and 73.2% respectively. These values accurately fit the spec-
ified limits of 85-100%, 75-92%, and 62-82%, respectively,
as stated by FMWH (1994). Thus, the aggregate used for the
wearing course asphalt production is stable, effective, and
durable. Likewise, the aggregates passing sieves No. 7 (2.36
mm), No. 14 (1.18 mm), No. 25 (0.6 mm), and No. 52 (0.30
mm), are 55.6%, 41.8%, 33.1%, and 22.8% respectively in
value. These values were obtained after the grain size anal-
ysis, and they are within the specified envelope (that is, 50—
65%, 36-51%, 26-40%, and 18-30%, respectively) stated by
FMWH [38] for perfect asphalt concrete production for the
wearing pavement. Therefore, the aggregates used in this
experiment were suitable for asphalt concrete production
for road construction in the global construction industries.

The experiment's output shows that aggregate passing
sieves No. 100 and No. 200 possessed an excellent proper-
ty for quality production of asphalt concrete for the wearing
pavement construction. Considering the results, the values
of aggregate passing sieve No. 100 and No. 200 (18.0% and
10.2%) were in line with the suggested specification accord-
ing to FMWH (1994) standard, that is 13-24% and 7-14%
respectively (Fig. 9). Also, as shown in Figure 9, it was ob-
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Figure 9. Chart showing the gradation result of asphalt
concrete for road’s road-wearing pavement construction
using the wearing course mix design.

served that the aggregates used to produce asphalt concrete
at the wearing zone of the road from the first mix design are
of great potential for road construction. Therefore, it is rec-
ommended that the first mix designs used in this study be ad-
opted to produce concrete for road-wearing pavement con-
struction in the global construction industries. As shown in
Table 17, the percentage of bitumen extracted recorded was
5.7%. This value is very close to the bitumen rate percentage
or the production of asphalt concrete (5.8%). Therefore, the
bitumen used to produce asphalt is excellent and efficient.

3.1.5. Grainsize Analysis and Bitumen Extraction Test

Results of Asphalt Concrete for Wearing Course Lying

Using the Wearing Course Second Mix Design

The results of the grain size analysis of asphalt concrete
produced from the second mix design, as proportioned in
Table 6, are presented in Tables 18, 19. According to Table
18, the percentage of aggregate passing sieve size 1.18 mm is
more than that of the quantity specified in the 1994 asphalt
production manual organized for the efficient production
of quality asphalt concrete by the Federal Ministry of Works
and Transportation Authority, Nigeria. This depreciation
might have occurred due to the high proportions of quarry
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Table 18. Granisize analysis of asphalt concrete for road-wearing pavement construction from the second mix design

Sieve Size (Inch) Sieve Size (mm) Weight Retained (g) % Retained (%) % Passing (%) Specification
21/2” 63.5

2”7 50.6

1% 38.1

1% 31.8

17 25.4

%> 19.1 - - 100 100
1/2” 12/7 112.00 10.00 90.00 85-100
3/8” 9.5 98.56 08.80 81.20 75-92
179 6.5 176.96 15.80 65.40 62-82
3/16” 4.76

1/8” 3.45

No. 7 2.36 144.48 12.90 52.50 50-65
No. 14 1.18 4.59 0.41 52.09 36-51
No. 25 0.600 124.21 11.09 41.00 26-40
No. 36 0.425

No. 52 0.300 256.59 2291 18.09 18-30
No. 72 0.212

No. 100 0.150 12.21 1.09 17.00 13-24
No. 200 0.075 42.56 3.80 13.20 7-14
200 pass 0.075 147.84 13.20

Contract: Ogbomoso-Osogbo-Oko Road Project; Sample Ref: Wearing Course; Location: Chainage 26+700 to chainage 26+925; Weight of total

aggregate: 1135¢g

Table 19. Extracted bitumen from asphalt concrete produced for road-wearing course pavement construction using the second-wearing

course mix design

Reference Description Value Unit
A Weight of mixture+bowl 2080 g
B Weight of bowl 880 g
C Weight of mixture = A-B 1200 g
D Weight of filter before testing 0.3 g
E Weight of filter after testing 0.6 g
F Weight of material retained by filter = E-D 0.3 g
G Weight of aggregate in the bowl 1120 g
H Weight of total aggregate = F+G 1120.3 g
I Weight of bitumen = C-H 79.7 g
] % of Bitumen on the total weight of mixture = I/Cx100 5.64 %
K % of Bitumen on dry aggregate = [/Hx100 7.1 %

dust and filler (soft sand) used to produce asphalt concrete.
Therefore, the second mix design is unsuitable for produc-
ing concrete with durable and flexible wearing pavement.
Using the first mix design to create asphalt concrete will
help the government and communities construct a durable
wearing pavement against deformation, which can lead to
constant maintenance and cost a lot. Also, the percentage
of the bitumen content extracted from the asphalt concrete
produced from the second mix design for wearing pave-
ment construction (Table 6) was 1.5% more than its initial
designed proportion, which is 5.6% (Table 19). Excess bi-
tumen in the concrete signified that the asphalt production

plant's discharge unit was poorly controlled or monitored
for accurate production. From another perspective, it could
be that the aggregates used for the production are very dry,
leading to excess bitumen absorption to attain their satis-
faction. It can be deduced that only the first design is ac-
curate, standard, and effective for constructing quality and
durable asphaltic road-wearing pavement.

3.1.6. The Importance of These Mixed Design Methods

Against the Frequent Road Pavement Maintenance

The application of best mix designs used in this study for
the construction of road binder and wearing pavements will
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be a means of controlling premature pavement deterioration,
such as cracks, potholes, and pavement shrinkage, which lead
to its constant maintenance. This method is one of the best
methods of controlling excessive spending on road pave-
ment maintenance because it allows the right choice of valu-
able materials (crushed and uncrushed) to produce quality
asphalt concrete for constructing durable road pavements.
Also, the application of the best mix design discovered in
this study for the production of asphalt concrete for the con-
struction of asphalt pavements (binder and wearing) in high-
ways construction industries is an excellent solution to the
problem of premature pavement construction in the globe
since the concrete produced using the best mix proportion of
aggregates as shown in this study will produce concrete with
high rigidity and durability properties which will prolong
its lifespan and prevent the issue of constant road pavement
maintenance. In addition to that, roads with poor-strength
pavement will have a negative impact on the people of those
communities. Its constant maintenance will affect the sales
of some marketers, cause road trafficking, and increase the
government expenditure. All these problems will be eradi-
cated when the new method of asphalt concrete production
is implemented in the global construction system.

Most of the materials used in this study are naturally
endowed. They are so valuable, rigid, and of high stan-
dard. This shows its relevancy for the construction of a
durable road pavement. Our natural resource, crushed
and uncrushed aggregates, has contributed significantly
to constructing rigid pavement. Using artificial or natu-
ral eco-friendly materials to produce asphalt concrete for
road pavement construction, especially from green asphalt
concrete production, will negatively affect the community’s
health and cause environmental pollution. Besides, the deg-
radation of these materials, most significantly, the bitumen
and asphalt made from recycled waste materials, will result
in premature deterioration, leading to frequent mainte-
nance of the road’s pavement or its total rehabilitation, thus
increasing the government’s budget for road construction.
The other limitation of using green asphalt concrete for the
construction of road pavements is its high carbon emission
rate from its carbonated recycled materials used to produce
green emulsion bitumen for road pavement construction
[39, 40]. This is unethical and unfriendly to humans and
the environment. Since the materials used in this study to
produce asphalt concrete are naturally endowed, they are
not made from recycled waste materials. Therefore, asphalt
concrete pavements are eco-friendly and not liable to car-
bon emissions. This makes it one of the best methods for
producing durable, eco-friendly pavements.

3.1.7. Application of this Study’s Findings to Global

Road Pavements Construction Practice

Practicing road pavement construction with asphalt
concrete produced from the best mix designs structured for
the binder and wearing pavement construction according
to the design findings of this study together with the use of
asphalt concrete production manual organized by the Fed-
eral Ministry of Works and Transportation 1994 will help
in producing the durable, sustainable, flexible, and mature

road pavements without spending on its maintenance. Us-
ing this study method for road construction will also help
control the high carbon emission rate in the environment,
thus preventing global warming. In addition, most of the
aggregates used to produce asphalt concrete in this study
are naturally endowed, rigid, and have heavy weights to
withstand stress generated during the roads’ loading. From
another perspective, most of the materials used to construct
green asphalt-concrete pavements are made from recycled
materials that are very fragile and prone to deterioration,
decomposition, and carbon emission, which can increase
the rate of global warming. To produce concrete for the
construction of binder and wearing pavement, applying the
first mix designs from each category is suitable for produc-
ing durable and sustainable pavements in temperate and
cool environments, following the accurate procedures as
explained in this study. It is advisable to carefully examine
the climatic condition of the environment where pavement
construction will occur before embarking on applying this
method. It is essential to produce asphalt concrete that will
be friendly to the climatic conditions of its construction en-
vironment. This will prevent constant maintenance of the
road’s pavements, encourage smooth vehicle movement,
and extend the life span of the road’s pavement.

3.1.8. Response of Asphalt Pavement to Climatic

Conditions

Heating asphalt concrete to about 150°C before laying
for pavement construction is a means of increasing its rate
of aggregates’ compatibility after compaction. Using a stan-
dard compacting machine will play a vital role in increasing
the strength of the pavement in construction against stress
disturbances from heavy vehicles, which will prevent the
formation of potholes and pavement cracking. This treat-
ment will protect the asphalt pavement against hot and cold
weather deformation. Any pavement constructed using the
mix designs (first mix designs from both binder and wearing
proportions) and materials from this study will develop high
strength to withstand stress against deformation that usually
occurs due to constant expansion and contraction of asphalt
pavement during the hot and cold climatic conditions.

3.1.9 Results of road leveling at chainages 26 + 700 to 26
+ 875 before and after the laying of asphalt concrete: For easy
and accurate calculation of the thickness of asphalt concrete
laid, two standard reduced internal levels (R.I.L) of 1013.506
and 1012.50 were introduced for efficient reduction of mea-
sured road levels before and after the laying of asphalt con-
crete at chainage 26 + 700 to chainage 26 + 875. The results
of leveling measurements taken before and after laying as-
phalt concrete were presented as shown in Tables 20 and 21.

All the data presented in Tables 20 and 21 were used for
accurate calculation of the volume of asphalt concrete laid
and for their cost estimations

3.1.10. Calculating the Volume of Asphalt Concrete Laid
at Chainages 26 + 700 to 26 + 875 Using Leveling Method
The volume of the road before laying asphalt concrete
was determined using the leveling instrument for data
measurement, as shown in Table 20. As presented in Table
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Table 20. Measured Roads’ Levels from chainage 26+700 to chainage 26+875 before the laying of asphalt concrete

Back sight Inter sight Fore sight High point of Reduced Road Remarks
B/S (mm) 1/S (mm) F/S (mm) curvature internal level distance (m)
(H.P.C.) (mm) (R.LLL.)

2769 1016.275 1013.506 TBM on Top of a well at RHS
1427 1014.848 26+700 @ (Centre of the Road)
1505 1014.770 Shoulder LHS
0919 1015.356 Shoulder RHS
1331 1014.944 264725 O (Centre of the Road)
1439 1014.836 Shoulder LHS
1061 1015.214 Shoulder RHS
1792 1014.483 26+750 @ (Centre of the Road)
1638 1014.637 Shoulder LHS
1831 1014.444 Shoulder RHS
2400 1013.875 264775 O (Centre of the Road)
2148 1014.127 Shoulder LHS
2029 1014.246 Shoulder RHS
2689 1013.586 26+800 @ (Centre of the Road)
2353 1013.922 Shoulder LHS
2705 1013.570 Shoulder RHS

2277 2605 1015.947 1013.670 C. P (Change of Point)
1671 1014.276 26+825 @ (Centre of the Road)
1541 1012.735 Shoulder LHS
1357 1011.378 Shoulder RHS
2140 1009.238 26+850 O (Centre of the Road)
1965 1007.273 Shoulder LHS
1927 1005.346 Shoulder RHS
2431 1002.915 26+875 @ (Centre of the Road)
2169 1000.746 Shoulder LHS
2429 998.317 Shoulder RHS

2441 995.876 Total Bench Mark (TBM) on

top of an iron line drain

20, the breadth of the road used was 12.8 m. The distance
covered (D) from chainage 26 + 700 to chainage 26+875
was calculated to be 175 m. The volumes of the road surface
were calculated for at the center (¢), left-hand side (LHS),
and right-hand side (RHS) as shown in Table 22.

The volume at the center (@) of the road was calculat-
ed to be 175x12.8x1.77025=3965.36 m?; That of the LHS of
the road was calculated as 175x12.8x1.61800=3624.32 m°.
Also, the volume at the RHS of the road is estimated to be
175%12.8%1.7365=3889.76 m®. The total volume of the road
surface before laying asphalt was calculated to be 11,479.44
m’. This value was obtained by adding the volume at the
center of the road, its LHS and RHS equal to 3965.36
m’+3624.32 m>+3889.76 m’=11,479.44 m®. Likewise, the
volume of the road surface after laying asphalt concrete was
determined using the measured data from the leveling de-
vice in Table 21 as shown in Table 23. From the calculations
made, the volume of asphalt concrete measured at the cen-
ter (@) of the road which is 175x12.8 x 1.985125=4446.68
m? also, that of its LHS of the road was gotten from
175%12.8%1.84475=4132.240 m’ and that of its RHS of

the road was calculated as 175x12.8x1.7785=3983.84 m®.
The total volume of the road surface after the laying of as-
phalt concrete=4446.68 m*+4132.240 m*+3983.84 m*=12
562.760 m®. Therefore, the actual volume of asphalt con-
crete laid at chainage 26+700 to chainage 26+875=12,
562.760 m* -11,479.44 m*=1083.320 m’. The cost per 1 m?
of asphalt concrete=$250.00. Therefore, the total cost of
asphalt concrete laid on the road from chainage 26+700
to chainage 26+875=$250.00x1083.320 m’=$ 270,830.00
which is 740x270,830=#200, 414, 200:00 (Table 23).

3.1.11. Limitations of this Study and Future Suggestions

on Pavement Design

To ideally make use of this method for road pavement
construction, the asphalt paving machine, which is com-
monly used for the construction of asphalt concrete on the
road’s surface, is required to retain high heat temperature to
be able to lay the asphalt concrete on the road’s surface per-
fectly. The high heat generation in this method contributes
to the increase in high heat affecting the Island, thus expos-
ing it to heat deficiency. Also, the application of mix design
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Table 21. Measured Levels of the road from chainage 26+700 to chainage 26+875 after the laying of asphalt concrete

Back sight Inter sight Fore sight High point of Reduced Road Remarks
B/S (mm) I/S (mm) F/S (mm) Curvature internal level distance
(H.P.C.) (mm) (R.LLL.) (m)

2621 1815.121 1012.500 TBM on Top of a well at RHS
1226 1813.895 26+700 @ (Centre of the Road)
1302 1813.819 Shoulder LHS
0619 1814.502 Shoulder RHS
1217 1813.904 264725 O (Centre of the Road)
1139 1813.982 Shoulder LHS
1001 1814.120 Shoulder RHS
1625 1813.496 26+750 @ (Centre of the Road)
1414 1813.707 Shoulder LHS
2312 1812.809 Shoulder RHS
1942 1813.179 26+775 O (Centre of the Road)
2000 1813.121 Shoulder LHS
2245 1812.876 Shoulder RHS
2671 1812.450 26+800 @ (Centre of the Road)
2151 1812.970 Shoulder LHS
1708 1813.413 Shoulder RHS

1272 1825 1813.296 C. P (Change of Point)
1251 1813.317 26+825 @ (Centre of the Road)
1415 1813.153 Shoulder LHS
1149 1813.419 Shoulder RHS
2008 1812.560 26+850 @ (Centre of the Road)
1761 1812.807 Shoulder LHS
1829 1812.739 Shoulder RHS
2222 1802.933 26+875 @ (Centre of the Road)
1762 1812.806 Shoulder LHS
2029 1812.536 Shoulder RHS

1419 1813.149 Total Bench Mark (TBM) on

top of an iron line drain

All the data presented in Tables 20 and 21 were used for accurate calculation of the volume of asphalt concrete laid and for their cost estimations.

in this study requires using a standard asphalt plant and a
well-trained operation to proportion the aggregates and
bitumen efficiently to produce quality asphalt concrete for
the best pavement construction. Any deviation from this
standard can produce low-quality asphalt concrete, which
cannot be recycled or reused. In addition, the gravitational
values of the aggregates used, as shown in this study, can
differ from one location to another. This is because these
aggregates are naturally endowed and have different grav-
itational values. These differences in values can negative-
ly affect the products produced from the aggregates from
one country to another, thus leading to the construction of
less durable pavement and increasing the cost of pavement
maintenance. Therefore, it is advisable to know the integrity
value of an aggregate before its use in construction.
Furthermore, most of the materials used in this study
are not renewable or recyclable, though they possess high
resisting capacity against stress and deformation that can
occur through loading. This value increases its durabil-
ity properties. In case the initial pavement constructed is

faulty, the asphalt concrete from the existing pavement can-
not be recycled or renewed for the reconstruction of the
new pavement—the building on of the payment required
using new materials for the new construction.

Uture researchers should experiment with recycling
and reusing old and weak pavement concrete made from
natural materials to produce new durable asphalt concrete
for road pavement construction. This will reduce the cost of
road rehabilitation in construction industries.

4. CONCLUSION AND RECOMMENDATIONS

This study proved that the road pavement mix design
used by the American Highway Design Association (AAS-
HTO) from 1950 to 1993 is not complex enough for rugged
pavement design and construction. A new standard design
method is needed. Despite the mix design used for asphalt
concrete production, the efficiency of aggregates and mod-
els used to neutralize the effects of creeping, cracks, and de-
flection of road pavement was not met. A better aggregate
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Table 22. Calculating the volumes of the road’s surface at the center, LHS, and RHS before the laying of asphalt concrete

Height of the Road

Chainages Width of the @ (center) LHS RHS Volume at Volume at Volume at
(m) road (m) (m) (m) (m) @ (m?) LHS (m?) RHS (m?)
26+700 12.8 1.226 1.302 0.619 3965.36 3624.32 3889.76
26+725 12.8 1.217 1.139 1.001

26+750 12.8 1.625 1.414 2.312

26+775 12.8 1.942 2.000 2.245

26+800 12.8 2.671 2.151 1.708

26+825 12.8 1.251 1.415 1.149

26+850 12.8 2.008 1.761 1.829

26+875 12.8 2.222 1.762 2.029

Total 102.4 14.162 12.944 13.892

Average 12.8 1.77025 1.61800 1.7365

LHS: Left-hand side; RHS: Right-hand side.

Table 23. Calculating the volumes of road surface after the laying of asphalt concrete at the center, LHS, and RHS of the road; the volume

of asphalt concrete laid on the road

Height of the Road
Chainages Width of the ® (center) LHS RHS Volume before Volume after Volume of
(m) road (m) (m) (m) (m) the laying of the laying of Asphalt concrete
asphalt (m?) asphalt (m?) laid (m?)
26+700 12.8 1.427 1.505 0.919 11,479.44 12,562.76 1083.320
26+725 12.8 1.331 1.439 1.061
26+750 12.8 1.792 1.638 1.831
26+775 12.8 2.400 2.148 2.029
26+800 12.8 2.689 2.353 2.705
26+825 12.8 1.671 1.541 1.357
26+850 12.8 2.140 1.965 1.927
26+875 12.8 2431 2.169 2.429
Total 102.4 15.881 14.758 14.228
Average 12.8 1.985125 1.84475 1.7785

mix design for road pavement's sustainability, durability,
and stability is needed, and this was evaluated for the con-
struction of a rigid pavement system in this study.

In the construction industries globally, most of the
crushed aggregates (granites) used to produce asphalt con-
crete were not that rich in quality minerals such as am-
phibole, mica, quartz, and field spar, which boost the in-
terlocking properties for compatibility in crush aggregates
(granites). The crushed aggregates used in this study are
rich in quality minerals, which makes them suitable for the
best production of quality asphalt for rigid pavement for-
mation. Other aggregates (uncrushed edged), such as sharp
sand, quarry dust, and soft sand, possess the same qualities
for better asphalt production.

As well know, the method of carrying out a product's
design and production depends on the product's qual-
ity level. As used in this experiment, the percentage of
crushed aggregates used ranged from 11-27% for 3/8%
1/2% and %” grades, contributing majorly to their efficien-
cy in making the rigid and flexible asphaltic pavement. As

used in this study, the application of many quarry dust
(31.1%) for the production of asphalt concrete highly
contributed to the compatibility of the aggregates used.
Likewise, applying a small percentage of sand and bitu-
men in the mix gives room for an increase in the quality
of asphalt concrete produced compared to concrete with
second and third-mix designs. Leveling is one of the best
methods of determining the accurate cost of asphalt con-
crete laid on road pavement.

As observed from the investigation results, all the
Marshall Test results agreed with the standard of quality
of products obtained as specified by the Federal Minis-
try of Works and Housing. This proves that the values of
passed aggregates obtained using the first mix design, that
is, 35.6%, 26.2%, 18.2%, and 13%, are so satisfactory with
the value of mineral properties (amphibole, mica, quartz,
and field spar) possessed together with well proportioning
of the aggregates for better asphalt production. Other ag-
gregates from the second and third mix designs were not
appropriately proportioned. Applying the first asphalt mix
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designs for binder and wearing pavements has dramatical-
ly influenced the quality of pavement rigidity in the global
road construction industries.

Having predicted the amount of well-compacted asphalt
concrete on road pavement at the initial project evaluation
stage, the actual volume of asphalt laid was determined us-
ing the standard leveling method. The cost of materials and
asphalt produced were evaluated with accurate calculations.

As observed from the findings of this study, the rigidity
of road pavement depends solely on the sustainability ca-
pacity of its sub-base, base, sub-grade, binder, and wearing
courses. The accurate and standard mix designs of the ag-
gregate use for these layers were based on the basic principle
of road pavement sustainability and durability. To conclude,
the results of this study proved that a standard aggregate
mix design of asphalt concrete is a crucial determinant of
its durability, sustainability, rigidity, and stability. Therefore,
it was suggested that the first asphalt concrete mix design
used in this study with standard formulation, gradation,
and proportion, which certified the specified boundary, is
the best to be adopted to produce asphalt concrete for road
binder course laying globally. Also, the formulation used in
this study for the wearing course asphalt concrete produc-
tion is recommended for asphalt concrete mixing for du-
rable road pavement at the first wearing course. This will
prevent frequent spending on road pavement maintenance.

The survey leveling method used in this experiment is
one of the best methods for calculating the volume of as-
phalt concrete produced or laid without error. The outcome
of this study proved that its application in construction
industries would prevent unnecessary spending on road
pavement resulting from poor cost estimation and inac-
curate aggregate proportioning during asphaltic concrete
production and laying. Therefore, it is recommended that
the leveling method be adopted to estimate accurately the
volume and thickness of asphalt concrete produced and laid
in the global construction industries.
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1. INTRODUCTION

ABSTRACT

In the context of rising global energy demands driven by population growth and urbanization,
the construction industry significantly contributes to greenhouse gas emissions during the
construction phase and subsequent energy consumption. Fossil fuel dependency for heating
and energy needs exacerbates climate change, necessitating urgent solutions. Algal technology
emerges as a promising strategy for green building practices, addressing energy efficiency and
emissions reduction. Algae's unique ability to absorb carbon dioxide (CO,) through photo-
synthesis is harnessed by deploying photobioreactors on building exteriors. Studies indicate
that each kilogram of dry algae consumes 1.83 kg of CO, while offering applications as organic
fertilizer, oil, and protein sources. This technology not only diminishes CO, emissions but also
transforms wastewater and generates bioenergy, catering to building energy requirements. Al-
gal technology's economic and environmental significance becomes evident through carbon
capture, energy generation, and circular waste management, aligning with sustainability prin-
ciples. This study highlights the potential of algal technology to shape the future of environ-
mentally conscious construction practices, providing avenues for reduced emissions, efficient
energy utilization, and sustainable development.

Cite this article as: Gelekli, A., Yesildag, I., & Zarig, O. E. (2024). Green building future: Algal
application technology. J Sustain Const Mater Technol, 9(2), 199-210.

banization will also cause the depletion of natural resourc-
es, particularly fossil fuels, due to the increase in energy

Urban expansion is taking place globally faster, creating
a disbalance in the sustainable climate mechanisms, which
may result in natural disasters, causing acute social and
economic losses. With the recent population growth and
increasing urbanization and industrialization, more ener-
gy is needed [1]. During the 19" and 20" centuries, man
learned to use focused points such as fossil fuel [2]. With
industrial development and increased production, some
problems have arisen on the planet and become more se-
vere daily. Some consequences are increased disease and
mortality caused by environmental pollution, acid rain,
and the destruction of ecosystems and ozone [3]. Rapid ur-
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consumption brought on by industrialization [4]. World
Health Organization reports that 90% of the population
in urban areas is breathing polluted air according to the
air quality guidelines [5]. About 70% of Greenhouse emis-
sions come from urban agglomerated centers [6]. Globally,
buildings account for 40% of energy and material use, 33
% of CO, emissions, 25 % of wood harvesting, and 17% of
freshwater usage [7]. However, it is projected that short-
ly, emissions from buildings in countries that are rapidly
industrializing will surpass emissions from structures in
wealthy nations. Historically, most emissions originated
from developed countries [8]. Therefore, it is important
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Figure 1. Algae can be grown in various settings, including closed-loop [22].

to plan and design new buildings and cities based on sus-
tainable development features, such as self-sustainability,
zero waste/zero emissions, environmental safeguarding,
and green fuel and energy exercise [9]. Algae integration
into buildings' external facade can sustain buildings and
reduce energy consumption [10]. Incorporating algae into
building exteriors promotes sustainability in the built en-
vironment and acts as a source of renewable energy [10].
Utilizing algae as a renewable energy source to produce
electricity or offer other energy-related advantages inside
buildings is called algae energy production for buildings
[10]. Algae, photosynthetic organisms encompassing di-
verse species, play a crucial role in various ecological pro-
cesses. They have garnered increasing attention for their
potential applications in sustainable development, partic-
ularly in green building technology [11, 12]. Providing a
detailed understanding of algae in the context of this dis-
cussion is paramount. Algae from the kingdom Protista
exhibit various morphological and physiological charac-
teristics. They can be unicellular, colonial, or multicellular,
and their size can vary from microscopic to macroscopic
scales [13]. Additionally, algae exhibit remarkable diversity
in pigmentation, allowing them to thrive in diverse aquat-
ic and terrestrial environments. Classification of algae
is based on various criteria, including pigmentation, cell
structure, and mode of reproduction. For instance, algae
are commonly classified into several groups, such as Chlo-
rophyta (green algae), Rhodophyta (red algae), Phaeophy-
ta (brown algae), and Cyanobacteria (blue-green algae),
each with distinct characteristics and ecological roles [14].
The types of algae relevant to green building applications

encompass a broad spectrum, ranging from microalgae
to macroalgae. Microalgae, such as Chlorella and Spiruli-
na, are valued for their high photosynthetic efficiency and
rapid growth rates, making them suitable candidates for
biomass production and biofuel generation. Macroalgae,
including kelp and seaweed, offer potential as sustainable
construction materials due to their abundance, renewabili-
ty, and unique mechanical properties. Harvesting algae in-
volves various techniques tailored to the specific character-
istics of the target species and intended applications [14].
These methods encompass traditional approaches, such
as manual collection from natural habitats and innovative
technologies like photobioreactors and biofilm cultivation
systems. Advancements in harvesting methodologies aim
to optimize biomass yield, minimize energy consumption,
and enhance overall efficiency in algae cultivation process-
es. In summary, a comprehensive understanding of algae,
encompassing their definition, characteristics, classifica-
tion, and harvesting techniques, is essential for elucidating
their role in green building technology. By integrating sci-
entific knowledge with practical applications, researchers
and practitioners can harness the potential of algae to pro-
mote sustainability and resilience in the built environment
and functional food [15]. Algae-based alternative energy
sources provide sustainable possibilities that can help solve
pressing global problems such as resource depletion, pol-
lution, and climate change [16]. With global warming, the
importance of bioclimatic comfort has increased. An ex-
tremely promising strategy that substantially contributes to
sustainability and the goal of a greener future is using algae
as a source of electricity [17].
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Figure 2. (a) Bio-panels [35] (b) Building fagade in the algae application technology [36].

2. WHAT IS ALGAE APPLICATION TECHNOLOGY?

Algae application technology for buildings, commonly
referred to as "bioarchitecture” or "algae-based building sys-
tems," includes incorporating algae and associated microor-
ganisms as functional elements into the design and mainte-
nance of buildings. In renewable energy, generating power by
combining algae onto building fagades is an eco-friendly and
long-lasting solution [10]. There are essential applications for
environmental sustainability, such as the biotechnological use
of algae to purify harmful paints [11]. With the help of algae,
energy can be produced directly on the exterior surfaces of
buildings, as opposed to the standard photovoltaic systems,
such as solar panels, which are mounted on building rooftops
or open spaces to convert solar energy into electricity [18].
This developing field investigates algae's potential role in con-
structing and maintaining sustainable and energy-efficient
buildings. A procedure known as transesterification can be
used to turn the lipids (oils) that algae produce into biodiesel.
Due to its ability to be generated responsibly and the fact that
it does not compete with food crops for land, biodiesel made
from algae is seen as a possible replacement for conventional
fossil fuels [19]. The adaptability of algal energy production
is one outstanding feature. Algae can be grown in various set-
tings, including closed-loop photobioreactors and large-scale
open ponds (Fig. 1) [20]. Because of their versatility, we can
incorporate algal systems into multiple environments, in-
cluding buildings [21]. For instance, it is possible to embed
algae culture systems into building exterior fagade designs,
converting them into surfaces that produce energy [22].

Algal Application Technology offers a promising avenue
for reducing dependence on finite fossil fuels and mitigating
greenhouse gas emissions [12, 23]. Through algae cultivation,
atmospheric CO, is utilized for photosynthesis and biomass
accumulation, facilitating carbon capture and storage. Algae's
rapid growth rates and adaptability to diverse environmental
conditions enable efficient biomass production with minimal
land and water requirements and provide information about

water quality. Contributes to ecological protection in stud-
ies carried out within remote monitoring systems [24, 25].
This versatile biomass resource can be utilized across various
sectors, including energy production, construction materials,
biofuels, bioplastics, pharmaceuticals, space exploration, cli-
mate change causing human migration, and wastewater treat-
ment, contributing to sustainability goals [26, 27].
Furthermore, algal cultivation systems facilitate nutrient
recycling and wastewater remediation, reducing environmen-
tal pollution. However, the high initial capital investment and
operational costs, coupled with energy-intensive extraction
and processing processes, pose challenges to the widespread
adoption and scalability of Algal Application Technology
[28]. Technical obstacles such as contamination risks, nu-
trient imbalances, and environmental fluctuations necessi-
tate ongoing research and development efforts. Additionally,
large-scale algae production may compete with land and wa-
ter resources needed for food production or natural ecosys-
tems, potentially leading to environmental conflicts. Despite
significant advancements, widespread commercialization
faces barriers to economic viability, regulatory constraints,
and market acceptance. Overall, addressing these challenges
is crucial for realizing the full potential of Algal Application
Technology in achieving sustainable development objectives.

3. PLACING ALGAE ON THE FACADE OF
BUILDINGS

The process of placing algae outside of buildings in-
cludes these steps.

A growth medium or substrate would be created to
support the growth and adhesion of the algae to the facade
surface. This medium might provide algae's nutrients and
a steady environment [29]. Specialized bioreactors or
bio-panels would be created and built to house the algae on
the building face. These bioreactors, which offer a regulated
environment for algae growth, must be securely installed
onto the facade (Fig. 2a) [30]. The building facade surface
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Figure 3. Some algae with high potential energy: (a) Chlorella sp. [44], (b) Spirulina sp. [45], (c) Scenedesmus sp. [44], (d)

Nannochloropsis sp. [46]

must be ready to allow for algae growth. A character with
suitable algae adhesion and development characteristics
may be installed, or a suitable coating may be applied (Fig.
2b) [31]. In bioreactors, a few species of algae will probably
be planted or seeded on the prepared facade surface. The
algae will then utilize the available sunlight to expand and
photosynthesize [32]. Algae growth requires water and vital
nutrients. Bioreactors can incorporate a controlled fertiliz-
er and water supply system depending on the type of algae
being grown there and the surrounding environment [33].
Harvest Energy: As they develop and photosynthesize, al-
gae create biomass, and high-energy chemicals can be gath-
ered and transformed into usable energy by creating biogas
or biofuel extraction [34].

Algae bioreactors integrated into building exteriors can
be utilized for several things, including energy production
and environmental sustainability [22]. Algae bioreactors are
devices that use sunlight to grow algae and are capable of
photosynthesis on the exterior surfaces of buildings [30].
Many algae species may be utilized depending on the bio-
reactor's demands and goals [37]. Chlorella sp. use in bio-
fuel production can provide an energy-efficient source and
aid in lowering greenhouse gas emissions. The oil extracted
from Chlorella sp. can be used to make biodiesel. As a more

environmentally friendly substitute for fossil fuels, biodies-
el is a renewable fuel. From an environmental sustainabil-
ity standpoint, producing Chlorella sp. is desirable (Fig.
3a). Because of their high oil content, Chlorella sp. species
have the potential to be helpful in the manufacture of bio-
fuel and bioplastic. Chlorella sp. is well known for having a
high lipid content per cell, making these lipids an essential
source for biofuel manufacture [38]. Spirulina sp. could be
used to produce biofuels, which could replace fossil fuels
with a more sustainable energy source. Spirulina sp. can use
photosynthesis to harvest solar energy. In photosynthesis,
oxygen is produced as a byproduct, while carbon dioxide
and water are converted into organic compounds (such as
glucose). The carbon cycle and energy generation depend
on this mechanism [39]. Effective use of microalgae such as
Spirulina sp. for energy and nutrition is becoming increas-
ingly important due to biofuel production and the increas-
ing demand for sustainable energy sources (Fig. 3b) [40].
Spirulina sp. is a nutrient-rich form of algae, and because
of its high oil content, it has a significant chance of being
used to produce biofuel. The oils extracted from spirulina
can be transformed into various biofuels, including jet fuel
and biodiesel [32]. Scenedesmus sp. uses photosynthesis to
absorb carbon dioxide and produce energy. To combat glob-
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al climate change, this method can help reduce the amount
of greenhouse gases released into the environment. Scened-
esmus sp has a significant amount of oil per cell, which can
be used to make biodiesel. A more sustainable fuel with
lower greenhouse gas emissions than fossil fuels is biodiesel,
which can be used instead. Scenedesmus sp. and similar mi-
croalgae can be grown in special bioreactors under carefully
regulated conditions. The manufacturing process can be op-
timized in these facilities and the surrounding environment
(Fig. 3c) [41]. Using photosynthesis, Nannochloropsis sp.
takes carbon dioxide (CO,) from the air and creates oxygen.
The amount of greenhouse gases linked to global warming
can decrease and decrease the carbon footprint. It is an es-
sential algae species for biofuel. Like other microalgae, Nan-
nochloropsis sp. has much oil in each cell. These oils can be
used to make biodiesel. With its ability to replace fossil fuels
and cut greenhouse gas emissions, biodiesel is a sustainable
fuel that is better for the environment. Nannochloropsis sp.
is a helpful algae for energy production because of its quick
reproduction rate and ability to quickly generate a signifi-
cant quantity of biomass (Fig. 3d) [42, 43].

4. REAL-WORLD EXAMPLES OF ALGAE IN
BUILDINGS

Algae have been increasingly utilized in various re-
al-world applications within the built environment, show-
casing their potential to contribute to sustainable architec-
ture and construction practices [10]. For instance, in the
architectural realm, the use of algae in facade systems has
gained traction to integrate renewable energy generation
and bioremediation into building design. One notable ex-
ample is the BIQ House in Hamburg, Germany, which fea-
tures a reactive fagade of glass panels filled with microalgae
[47]. These algae photosynthetically convert sunlight and
CO, into biomass, generating renewable energy while shad-
ing the building interior and enhancing thermal insulation.
Also, the algae help regulate indoor air quality by absorb-
ing CO, and releasing oxygen, contributing to a healthier
indoor environment. Another pioneering project is the
Algae Dome, showcased at the Expo Milano 2015, which
demonstrates the potential of algae cultivation in architec-
tural settings. Designed as a self-sustaining ecosystem, the
Algae Dome utilizes sunlight and wastewater to cultivate al-
gae, which can be harvested for various applications, includ-
ing biofuel production, food supplements, and wastewater
treatment. The modular design of the Algae Dome allows
for scalability and adaptability to different environmental
conditions, making it a versatile solution for urban sustain-
ability challenges [10]. In addition to fagade systems, al-
gae-based materials have been explored for interior finishes,
insulation, and structural elements in building construction.
For example, research initiatives such as the Algae Brick
project aim to develop bio-based building materials using
algae as a critical component, offering renewable alterna-
tives to traditional construction materials. These real-world
examples underscore algae's potential to revolutionize how
we design, construct, and inhabit buildings, offering inno-

vative solutions that integrate renewable energy generation,
bioremediation, and biomimicry principles into architec-
tural practice. However, further research and technological
advancements are needed to overcome technical challenges
and scale up algae-based building solutions for widespread
adoption in the construction industry [10].

5. PHOTOBIOREACTORS: TOOL FOR
SUSTAINABLE DESIGN

Integrating photobioreactors (PBRs) in buildings holds
significant promise for sustainable design, offering a re-
newable source of biomass while simultaneously enhancing
environmental performance [48]. To effectively incorporate
PBRs into buildings, several technical requirements must be
considered. Firstly, adequate space and access to sunlight are
essential for successfully operating PBRs. Buildings must
be designed or retrofitted with suitable rooftop or fagade
configurations to optimize sunlight exposure for algal cul-
tivation. Additionally, orientation, shading, and nearby ob-
structions must be evaluated to maximize solar irradiance.
Secondly, PBRs require a controlled environment to support
optimal algae growth. This includes maintaining suitable
temperature, pH levels, nutrient concentrations, and CO,
supply within the reactor system. Building systems must
incorporate temperature regulation, nutrient dosing, and
CO, capture mechanisms to ensure favorable conditions for
algal cultivation [48]. Furthermore, effective nutrient man-
agement is critical to sustain algae growth in PBRs. Nutri-
ent sources like wastewater or organic effluents should be
readily available and compatible with the cultivation system.
Proper nutrient cycling and monitoring protocols must be
established to prevent nutrient depletion or excess, which
can adversely impact algae productivity and system stability.
Moreover, the design of PBRs should prioritize operational
efficiency and ease of maintenance. Accessible components,
automated monitoring systems, and remote control capabil-
ities can streamline operations and facilitate timely mainte-
nance activities. Additionally, consideration should be given
to selecting durable, corrosion-resistant materials suitable
for long-term use in the building environment. In summary,
successfully integrating PBRs into buildings requires careful
consideration of technical requirements related to sunlight
exposure, environmental control, nutrient management,
and system reliability [48]. By addressing these aspects in the
design and implementation phases, photobioreactors can
emerge as a viable, sustainable building design tool, contrib-
uting to energy production and environmental stewardship
[48]. These can use sunlight to convert carbon dioxide into
biomass, oxygen, and essential bioactive chemicals. They
allow for the production of bioenergy and carbon capture.
In photobioreactors, photosynthetic microorganisms may
take in carbon dioxide from the environment as they grow
[34]. This procedure acts as a carbon capture and storage
method, lowering greenhouse gas emissions. Additionally,
the biomass produced can be transformed into bioenergy
using a variety of processes, including the creation of biogas,
bioethanol, or biodiesel. Various transparent and leak-proof
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Figure 4. Bioreactor working principle [52].

containers are used in photobioreactors [30]. To efficiently
harness solar energy for bioenergy production from algae,
most photobioreactors have large surfaces exposed to sun-
light (Fig. 4). The efficient facilitation of bioenergy gener-
ation should be a goal of photobioreactor design [49]. To
accomplish this, they need a mixing system that guarantees
adequate agitation of the algal culture and a high mass trans-
fer rate. To maximize light exposure, it is essential to consid-
er efficient light utilization and a suitable surface-to-volume
ratio [50]. Thanks to the design, high CO, transfer rates
should be possible, which should be with high-density algae
cells. Solar energy should be maximized when it is deployed
in outdoor settings. Furthermore, it's essential to ensure that
accumulated O, is removed effectively [51].

Figure 4a represents that the bioreactors at BIQ are
fastened to the south-facing walls of the structure and are
made to function with a minimum of maintenance by hu-
mans. Between laminated safety glass panels, each biore-
actor is around six gallons of water thick, more than eight
feet high, and three inches wide [53]. Figure 4b represents
that water, phosphorus, and nitrogen are pushed through
the bioreactors by a sophisticated circulatory system that
keeps the algae alive. Carbon dioxide, the food source, is
produced by a generator on the first floor (In the future, the
algae might consume CO, released from other structures.)
While tiny beads scratch the glass and prevent the organ-
isms from adhering to it, compressed air blasts keep the
algae from becoming too thick [54]. Figure 4c represents
that the water in the bioreactor can reach 100°F on a bright
day because algae emit heat when they reproduce. To heat
the rooms or to pre-heat the water used in the kitchen and
showers, that water passes through an exchanger and heats
a second supply of water that flows through pipes set into
the floors. Eight boreholes under the structure that are
more than 260 feet deep are used to store extra hot water.

The algae from the bioreactors collectively generate enough
energy to heat four apartments all year round [52]. Figure
4d represents that the algae are filtered from the water and
trucked three kilometers to a university, where they are pro-
cessed for methane and hydrogen. This procedure happens
at least once a week. They might be burned to produce pow-
er, but this may be an expensive and unproductive solution
to reduce carbon emissions [16].

6. CHALLENGES SETTING UP THIS SYSTEM

The facades of buildings can be used to generate ener-
gy by installing algae bioreactors, but this process is com-
plex and may present several challenges. Algae can produce
oxygen and biomass using photosynthesis in algae biore-
actors, which are devices involved in energy production.
These systems are very effective in terms of sustainability
but in terms of challenges [55]. In bioreactors, technical el-
ements, including an appropriate environment, water flow,
light, and temperature, must be carefully controlled for al-
gae to grow and produce energy effectively [34]. Potential-
ly insufficient at this time are reliable data and technology
that demonstrate the biological activity of algae in outdoor
conditions [56]. Choosing the kinds of algae that are most
suited for bioreactors and making them climate-change re-
sistant might be challenging at the same time [56]. Erratic
weather and environmental pollutants can negatively im-
pact Algae's ability to function effectively [57].

6.1. Environmental Impacts and Benefits

The environmental crisis we face today necessitates inno-
vative solutions that can address multiple challenges simulta-
neously [58]. Algal application technology, especially in the
context of green buildings, presents multifaceted environ-
mental advantages [10]. This section delves into the specific
environmental impacts and benefits of this technology.
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6.1.1. Carbon Sequestration Potential

One of the most promising attributes of algae is its abil-
ity to absorb and store carbon dioxide (CO,) from the at-
mosphere, a process known as carbon sequestration. When
deployed on building facades, the algae interact directly
with ambient air, capturing CO, as they undergo photosyn-
thesis. This not only helps mitigate urban air pollution but
also actively reduces the carbon footprint of the building
itself [59]. Algae's efficiency in capturing CO, surpasses
many traditional terrestrial plants. For every kilogram of
dried algae, there's an absorption of approximately 1.83 ki-
lograms of CO, [40]. As urban areas grapple with high CO,
concentrations, integrating algae application technology in
construction could present a tangible solution for atmo-
spheric carbon reduction [60].

6.1.2. Reduction in Greenhouse Gas Emissions

Beyond just CO,, the construction and operation of
buildings are responsible for various greenhouse gas emis-
sions, including methane (CH4) and nitrous oxide (N20).
By transitioning to algal-based energy solutions for build-
ings, there's a potential to displace some fossil fuel usage,
thus decreasing greenhouse gas emissions from energy
consumption. Moreover, when used for heating or oth-
er building needs, the energy produced by algal biomass
releases only the amount of CO, initially absorbed by the
algae, creating a closed carbon loop. This ensures no net
increase in atmospheric CO, levels [21].

6.1.3. Wastewater Treatment and Purification

Algal technology's lesser-known but equally vital ad-
vantage is its role in wastewater treatment [61]. Algae thrive
in nutrient-rich environments, and when exposed to waste-
water, they can effectively absorb pollutants, including ni-
trogen and phosphorus compounds [62]. This not only pu-
rifies the wastewater but also prevents the release of these
compounds into natural water bodies, which could lead to
problems like eutrophication [63].

6.2. Economic Implications and Considerations

Incorporating algal technology within the construction
and architectural realm is not solely an environmental under-
taking; it intertwines deeply with the economic fabric of the
industry [10]. Understanding the economic implications is
pivotal for decision-makers, investors, and other stakehold-
ers in gauging the viability and scalability of this technology.

6.2.1. Cost-benefit Analysis

While the initial installation costs of algal application
systems, including photobioreactors, might be higher than
traditional building materials or systems, it's crucial to con-
sider the long-term savings and benefits. Operational Sav-
ings: By generating bioenergy, buildings can offset some en-
ergy costs, leading to significant savings over the building's
lifecycle [64]. The harvested algae can be processed to pro-
duce valuable by-products such as biofuel, organic fertiliz-
ers, and proteins, creating additional revenue streams. Algal
systems can reduce wastewater treatment and purification
costs, providing dual functionality. With growing emphasis

on carbon trading and credits, buildings employing algal
technology may qualify for credits or incentives, further
improving the financial model [16]. Considering the cumu-
lative savings and potential revenue streams, the return on
investment over time can be considerably positive, making
the technology economically attractive in the long run [65].

6.2.2. Market Potential and Growth Forecast

The global demand for sustainable and energy-efficient
buildings is on the rise, driven by regulatory pressures and
consumer demand. As awareness about the multifaceted
benefits of algal technology spreads, its market potential
is expected to witness an uptrend. With increasing ur-
ban population densities, there's a pressing need for solu-
tions tackling air quality issues and carbon emissions. As
countries commit to the Sustainable Development Goals,
technologies that offer solutions for both energy and the
environment will be in high demand [66]. As research con-
tinues and innovations in the algal application field evolve,
the efficiency and applicability of the technology are likely
to improve, driving market adoption.

6.2.3. Stakeholder and Industry Reception

The construction and architectural industry's reception
of algal technology has been cautiously optimistic. While
many laud the environmental and economic potential, oth-
ers express concerns regarding maintenance, aesthetics, and
long-term durability [53]. Several collaborations between
biotechnologists and architects are emerging, pointing to-
wards a growing interest in integrating biology with build-
ing design. As green technology investments gain traction,
venture capitalists and green funds have shown notable in-
terest in algal startups and initiatives [10]. Encouragingly,
some governments and local municipalities offer incentives
or grants for sustainable construction practices, boosting
the adoption of such technologies [67].

6.2.4. By-products and their Utility

Algae, given their prolific growth and diverse compo-
sition, are not just valuable for their primary roles in car-
bon capture or bioenergy production. Their biomass offers
myriad by-products, each with its utilities that promise for
various sectors. Delving into the potential by-products and
their applications showcases the multifaceted benefits of
cultivating algae on building facades [68].

6.3. Algal Biomass as Organic Fertilizer

One of the significant advantages of harvested algal bio-
mass is its potential use as an organic fertilizer [69]. Algae
are known to be high in essential nutrients, such as nitro-
gen, phosphorus, and potassium, making them an excellent
source of plant nourishment [70]. The organic matter pres-
ent in the algal biomass can stimulate beneficial soil mi-
crobes, enhancing soil health. Using algal biomass reduces
the need for chemically synthesized fertilizers, reducing the
environmental damage these chemicals often inflict. By in-
tegrating this by-product into agriculture, we could witness
increased crop yields, healthier soils, and reduced chemical
pollutants infiltrating our natural ecosystems.
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6.4. Production of Algal Oil and its Uses

Algal oil extraction has gained significant attention due to
its myriad of applications. One of the most renowned applica-
tions of algal oil is its conversion into biodiesel. This biofuel is
more sustainable than fossil fuels and emits fewer greenhouse
gases upon combustion [71]. Algal oil contains omega-3 fatty
acids, eicosatetraenoic acid, and docosahexaenoic acid [72].
These compounds benefit cardiovascular health, making al-
gal oil a sought-after ingredient in dietary supplements. The
unique composition of algal oil, loaded with antioxidants and
fatty acids, finds its way into various cosmetic products, offer-
ing hydration and anti-aging benefits [73].

6.5. Protein Extraction and its Potential

Beyond oil, the algal biomass is a protein powerhouse,
opening doors to several promising applications. The
protein-rich algal biomass can be processed into poultry,
fish, and livestock feed, providing a sustainable alternative
to traditional feed sources. Some algae species have been
explored for their potential as protein supplements in hu-
man diets. Given the global demand for alternative protein
sources, algae offer an exciting potential. Specific algal pro-
teins have bioactive properties, making them candidates
for drug development and other medical applications [74].
To conclude, the range of by-products derivable from algal
biomass underscores the versatility and potential of this or-
ganism. From fueling our vehicles with biodiesel to nour-
ishing our soils and feeding our livestock, algae stand out as
a promising pillar in the march towards a more sustainable
and eco-friendly future.

7. CHALLENGES AND FUTURE DIRECTIONS

While algal application technology in green buildings
is promising, adopting a balanced perspective is crucial to
adopting both its potential and challenges. Understand-
ing the existing solutions in the pipeline and anticipated
future trends provides a comprehensive view of the road
ahead for this innovative integration of biology and archi-
tecture. When integrated with buildings, pPhotobioreac-
torsequire regular maintenance. Ensuring the health of the
alga when integrated with buildings, cleaning the systems,
and managing potential contamination are concerns. Algal
growth rates and productivity can be significantly affect-
ed by changing climatic conditions. Inconsistent sunlight,
extreme temperatures, or unpredictable weather patterns
can impact system efficiency. Algal systems can change in
appearance over time. Concerns about the visual appeal of
green-tinted fagades and potential public perception can
be barriers to broader adoption. The upfront investment
required for integrating algal technology can be high, de-
terring some stakeholders.

7.1. Potential Solutions and Ongoing Research

Research is ongoing to develop self-cleaning and more
durable photobioreactor systems, which can minimize
maintenance demands. Biotechnologists optimize algae
strains for specific climatic conditions, enhancing resilience
and productivity. New business models and financial incen-

tives are being explored to make the initial investment in
algal systems more feasible for builders and property own-
ers. Combining algal systems with technologies like solar
panels or wind turbines can address some energy variability
issues and enhance overall building efficiency [21].

7.2. Future Trends and Predictions

Beyond building facades, the future might see dedicated
urban algal farms catering to dense urban populations' en-
ergy, food, and other by-product needs. As the world moves
towards stricter climate targets, governments might offer
more incentives or mandates for green construction practic-
es, propelling the adoption of algal technologies. Research
hints at the possibility of using algae directly in building ma-
terials, like bricks or panels, allowing for carbon sequestra-
tion and insulation benefits. With algal systems' potential in
wastewater treatment, future buildings might adopt a more
decentralized approach to waste management, enhancing
sustainability. In summary, while the path of integrating al-
gal technology into green building practices is riddled with
challenges, the solutions on the horizon, combined with the
potential future trends, paint an optimistic picture. As tech-
nology advances and the urgency for sustainable solutions
increases, algal applications in architecture could become
commonplace in tomorrow's cities.

8. CONCLUSION

In the contemporary epoch characterized by rapid ur-
banization juxtaposed with climatic vicissitudes, the syn-
thesis of biological innovations, notably algal technology,
within sustainable architectural methodologies emerges
as a potential panacea. This discourse endeavors to encap-
sulate the salient attributes and inherent challenges of this
avant-garde amalgamation. At the environmental forefront,
algal applications underscore a multifaceted approach, ad-
ept not merely at diminishing carbon dioxide efflux but also
instrumental in wastewater rectification, ambient purifica-
tion, and sustainable energy genesis. Economically, tran-
scending its environmental prowess, the algal paradigm
augments the edification domain, offering fiscal efficacies,
engendering innovative revenue avenues, and catalyzing
sectoral growth. Moreover, the diverse array of by-prod-
ucts, spanning biofuels to organic enhancers and proteomic
adjuncts, underlines the holistic benefits of this integrative
venture. Yet, the journey to ubiquitous adoption is riddled
with tangible constraints. However, the present scholar-
ly landscape, marked by relentless research, technological
evolutions, and strategic fiscal models, appears poised to
surmount these hurdles. Regarding architectural and ener-
gy implications, the algal foray heralds a paradigmatic shift
from conventional design philosophies towards ecologi-
cally synergistic modalities. The edification arena, invig-
orated by algal derivatives, presents a cornucopia of novel
commercial prospects, alliances, and revenue trajectories.
Concurrently, algal-equipped infrastructures epitomize the
zenith of energy diversification, curbing traditional pow-
er reliance and accentuating resilience. The difficulties for
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stakeholders encompass the necessities of academia-in-
dustry confluences, an intensification of public cognizance
initiatives, regulatory incentivization, and robust financial
endorsements of boundary-pushing endeavors within the
algal architectural sphere. To conclude, integrating such
pioneering modalities is no longer a discretionary endeav-
or but a cardinal collective mandate at the intersection of
ecological imperatives and technological ascendancy. In
light of this, further research should focus on elucidating
optimal integration methodologies, refining cultivation
techniques, and assessing long-term environmental and
economic impacts to facilitate the seamless integration of
algal technology into mainstream architectural practices.
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