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1. INTRODUCTION

ABSTRACT

This study investigates the feasibility of incorporating recycled concrete aggregates (RCA)
into fly ash-based geopolymer concrete for sustainable pavement applications. The research
evaluates RCA’s physical and mechanical properties compared to virgin coarse aggregates
(VCA) and assesses the performance of geopolymer concrete mixtures with up to 40% RCA
replacement. Aggregate characterization revealed that RCA exhibited higher water absorption
(4.39%), crushing value (20.9%), impact value (28.2%), and abrasion value (26.1%) compared
to VCA, yet these values remained within acceptable limits for pavement applications. Geo-
polymer concrete specimens were tested for compressive strength, water absorption, abrasion
resistance, and chloride ion permeability. Results indicated that increasing RCA content led
to a gradual decrease in compressive strength, from 40.16 MPa to 33.52 MPa, while water
absorption increased from 5.2% to 6.8%. Abrasion resistance declined as RCA content rose,
and chloride ion penetrability increased from 1687 to 2196 coulombs. However, mixtures with
up to 20% RCA replacement met the strength and durability criteria required for pavement
construction. This study demonstrates the potential for utilizing RCA in geopolymer concrete
pavements, offering a sustainable solution for waste management and resource conservation
in the construction industry.

Cite this article as: Rao, B. N. M., Durga, C.S.S., Venkatesh, C., & Rao, T. M. (2024). Sustain-
able geopolymer concrete for pavements: Performance evaluation of recycled concrete aggre-
gates in fly ash-based mixtures. J Sustain Const Mater Technol, 9(3), 211-220.

sustainable solution that addresses waste management and
resource conservation [5]. The use of RCA in pavements also

Using recycled concrete aggregates (RCA) in pavement
construction has emerged as a crucial strategy to address the
growing environmental concerns and resource scarcity in the
construction industry [1]. With global concrete production
exceeding 10 billion tons annually, construction and dem-
olition waste poses significant ecological challenges [2, 3].
Simultaneously, the depletion of natural aggregate resources
has become a pressing issue in many regions [4]. In this con-
text, incorporating RCA in pavement construction offers a

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

aligns with circular economy principles, reducing the carbon
footprint associated with aggregate production and trans-
portation [6]. Tam et al. [7] estimated that incorporating
RCA in pavement construction could reduce CO, emissions
by up to 20% compared to conventional methods.

On the other hand, Geopolymer concrete has emerged
as a promising alternative to traditional Portland cement
concrete in pavement construction, offering significant envi-
ronmental and performance benefits [8, 9]. This innovative

Published by Yildiz Technical University Press, Istanbul, Tiirkiye
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Table 1. Physical and chemical characteristics of binders

§iO, Ca0 ALO, Fe,0, Na,O MgO SO, LOI Specific Specific
gravity surface area
(m*/g)
Fly ash 58.32 4.08 25.71 5.27 0.37 1.04 0.92 4.29 2.39 5.12
GGBES 34.16 44.25 12.23 1.02 0.78 3.61 0.73 3.22 2.86 6
material, which utilizes industrial by-products such as fly ash e Fine Aggregates Virgin Coarse Aggregates
or ground granulated blast furnace slag as binders activated —~e—Recycled Concrete Aggregates
by alkaline solutions, can reduce CO, emissions by up to 80% ‘:: Rzl T T
compared to ordinary Portland cement concrete [10]. Geo- g w /1
polymer concrete exhibits superior durability, including en- g 70 // ll
hanced resistance to chemical attack, freeze-thaw cycles,and | § ¥ 7 i
chloride ion penetration, critical factors in pavement longev- | $ 4 // //
ity [11]. It also offers rapid strength gain, allowing for faster “é 30 ,/;/
construction and earlier traffic opening, and demonstrates | 3 fz B %
better performance under extreme temperature conditions. o L_et—4 [ PR DR B i 5
Geopolymer concrete has the combined advantages of o1 ! Sieve size (mm) 10 10
a lower carbon footprint binder system based on industrial

waste fly ash, with an opportunity to incorporate another
waste stream as aggregate [12]. Work on RCA recycled into
non-geopolymer concrete shows that at high replacement
levels, RCA affects concrete properties such as lower den-
sity, higher water absorption, lower mechanical strength,
more significant shrinkage, and lower durability compared
to natural aggregates (NA) [13]. In terms of compressive
strength, de Juan and Gutiérrez [14] observed up to 5-30%
lower strength when replacing NA with 25-100% coarse
RCA due to RCA's higher porosity and water absorption.
Other studies [15, 16] have also found the rate of strength
gain of RCA concrete to be slower than that of NA concrete.
Research indicates substitution limits of 20-30% coarse
RCA are suitable for structural concrete applications [17].

Regarding durability, Pepe et al. [18] reported that up to
100% replacement of NA by coarse or fine RCA had negli-
gible effects on freeze-thaw resistance. Corrosion resistivity
was also similar, with up to 30% replacement levels [19].
Permeability and diffusion testing showed higher chloride
ingress rates with higher RCA replacement ratios [20]. Dry-
ing shrinkage strains were found to be 10-25% higher with
RCA incorporation [21].

In particular, geopolymer concrete derived from in-
dustrial by-products, serving as a sustainable construction
material alternative to traditional Portland cement con-
crete, has not undergone substantial investigations eval-
uating the incorporation of RCAs. Additionally, earlier
RCA research is predominantly limited to the impacts on
compressive strength and essential durability characteris-
tics like sorptivity and acid/sulfate resistances. Evaluating
longevity indicators such as volumetric abrasion loss and
rapid chloride permeability, which better quantify actual
concrete pavement performance, can support extending
RCAs to road infrastructure where durability against wa-
ter/chloride ingress is vital. Therefore, a research gap exists
in applying learnings from RCA use in standard concrete to
geopolymer concrete for structural applications. This study
assesses the effects of coarse RCA content on the core me-

Figure 1. Particle size distribution of aggregates.

chanical strength and various relevant durability metrics of
fly ash-based geopolymer. Outcomes can support prelimi-
nary standardization for greener concretes using waste and
by-product-sourced materials. With this research gap in
mind, this study evaluates the use of crushed recycled con-
crete aggregates (RCA) to replace natural coarse aggregates
in fly ash-based geopolymer concrete partially. The research
experimentally evaluates geopolymer concrete incorporat-
ing up to 40% replacement of natural coarse aggregate with
RCA. Strength, abrasion resistance, water absorption, and
chloride permeability are tested to gauge detrimental ef-
fects. This study aims to establish a framework for utilizing
waste concrete in next-generation sustainable pavements,
addressing environmental concerns and structural perfor-
mance needs by determining optimal RCA replacement
levels that maintain required engineering properties.

2. MATERIALS AND METHODS

2.1. Materials

In the present study, Fly ash (FA) and ground granu-
lated blast furnace slag (GGBFS) were used as geopolymer
binders, conforming to ASTM C618-08 [22] and ASTM
(C989-18 [23] respectively (Table 1). FA was sourced from
a local coal-fired thermal power plant, while GGBFS was
obtained commercially (JSW Cements Ltd., India). So-
dium silicate (Na,SiO,) and sodium hydroxide (NaOH)
were used as alkaline activators, procured from local
chemical suppliers. The Na,SiO, had a composition by
weight of Na O 14.5%, SiO, 29.6% and water 55.9%. Lo-
cally sourced granite stone and river sand provided the
coarse and fine aggregates conforming to ASTM C33 [24]
and BS 882 grading requirements [25]. The coarse aggre-
gate was sieved into 20 mm and 12 mm fractions while the
fine aggregate passed through a 4.75 mm sieve, as shown
in Figure 1. A NaOH: Na,SiO, ratio of 1:2.5 was used for
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Table 2. Mix Calculations (kg/m?)
Mix FA GGBFS Aggregates NaoH Na,SiO, S/B
Fine VCA RCA
RAO 336 84 570 1140 - 108.57 43.43 0.40
RA10 336 84 570 1026 114 108.57 43.43 0.40
RA20 336 84 570 912 228 108.57 43.43 0.40
RA30 336 84 570 798 342 108.57 43.43 0.40
RA40 336 84 570 684 456 108.57 43.43 0.40
the alkaline activator based on previous work [12, 26]. The
8M NaOH solution was prepared 24 hrs before mixing
and cooled in an ice bath [2], and its preparation process V=
is shown in Figure 2.
NaOH :
2.2. Preparation of Recycled Aggregates Pellets ufg%ii::r:ds 8M NaOH Solution w5
Recycled concrete aggregates (RCA) were produced Water + > =i
from previously tested concrete samples in our laboratory. -
The process involved crushing the concrete samples using . Alkali Solution
a laboratory jaw crusher and washing them to remove dust -
and fine particles. The washed aggregates were oven-dried NagSiOssolution
at 105 °C for 24 hours [27, 28]. Finally, the dried aggregates

were sieved to match the grading of the natural aggregates
used in this study. The present study did not follow a spe-
cific standard for this process, and this method is similar to
those described in ASTM C33 [24] and BS EN 12620 [29]
for processing recycled aggregates.

2.3. Mix Design and Curing

Geopolymer concrete mixes were designed as per IS
10262-2019 (Table 2) [30-32], with RCA replacing 0%,
10%, 20%, 30%, and 40% of the coarse aggregate by vol-
ume. Additionally, 20% of GGBFs was used to replace the
fly ash in all mixes. Dry components were pre-mixed for
2-3 minutes before adding the alkaline activator and mix-
ing for 5-6 minutes. The geopolymer concrete specimens
were cured under ambient conditions for 28 days. In this
investigation, 160 specimens (i.e., 80 cubes for compressive
strength and water absorption, 40 cylinders for the abrasion
resistance test, and 40 disc specimens for the rapid chloride
permeability test) were prepared and tested throughout the
experimentation.

2.4. Experimental Methods

2.4.1. Aggregate Tests

The aggregate impact test was carried out as per IS 2386
Part 4 [33]. The aggregate sample was first oven-dried at 100
°Cto 110 °C and allowed to cool. It was then filled in the cy-
lindrical steel cup of the impact testing machine to overflow
and was tamped 25 times with a tamping rod. The weight
(W1) of aggregates was determined before subjecting the
cup fixed in position to 15 blows of hammer rotated from a
height of 380 mm. The crushed aggregate was removed and
sieved through a 2.36 mm IS sieve. The fraction passing the
2.36 mm sieve (W2) was weighed, and the aggregate impact
value was calculated using Eq.1.

Aggregate impact value (%)=((W1-W2)/W1)x100  Eq.1

Figure 2. Geopolymer solution preparation [2].

The aggregate crushing strength test was performed
per IS 2386 Part 4 [33]. The oven-dried aggregate sample
was sieved through 12.5 mm and 10 mm IS sieves. Aggre-
gates passing a 12.5 mm sieve and retained on a 10 mm
sieve were selected. Three test specimens were prepared
by mixing aggregates of different sizes to get an aggregate
weight of approximately 100 g in each case. The specimens
were placed in compression testing machines one by one,
and load was applied at a uniform rate of 40 tonnes/min-
ute until failure occurred. The crushing load for all three
specimens was noted, and their average was taken as the
aggregate crushing strength.

The abrasion test was carried out as per IS 2386 Part
4 [33]. The coarse aggregate sample was oven-dried and
then divided into 6 equal parts, mixing them thoroughly.
The one-part sample was taken and was sieved through a
1.7 mm IS sieve. The fraction passing was discarded. The
retained sample was placed in an abrasion testing machine
cylinder in 5 layers, tamping each layer 25 times. The sam-
ple was then subjected to 100 revolutions in an abrasion
testing machine. After that, the abraded aggregate was
sieved through a 1.7 mm IS sieve, and the fraction passing
through the sieve was weighed. The percentage of wear due
to abrasion was then calculated.

As per IS 2386 Part 3 [34], the water absorption test
was performed by oven drying the aggregates to constant
mass first. The dried aggregates were then immersed in
water for 24 hours, taken out, wiped to remove traces of
water, and weighed (W1). The aggregates were again sub-
merged in water for 72 hours, removed, surface wiped,
and weighed (W2). The water absorption was calculated
using the Eq.2.

Water absorption (%)=((W2-W1)/W1)x100 Eq.2
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Figure 3. Compressive strength setup.

2.4.2. Compressive Strength

The concrete compressive strength test was carried out
as per IS 516 [35-38] by casting three 150mm concrete
cubes, demolding after 24 hours, curing by immersion in
water for 28 days, wiping the cubes dry, placing them in
compression testing machine one by one, aligning blocks
properly, and applying load uniformly at a rate of approxi-
mately 140 kg/sq cm per minute until failure occurred. The
maximum load divided by the cross-sectional area gave the
compressive strength. Figure 3 shows the experimental set-
up of the compressive strength.

2.4.3. Abrasion Resistance Test

The abrasion resistance test was performed as per IS
1237 [39] by casting concrete into 140 mm diameter and
60mm height cylinders in steel molds, demolding after 24
hours, curing by immersion in water for 28 days, and then
oven drying. The specimens were set up in the abrasion
testing machine wearing a test rig rotated at 30-33 rpm
and subjected to abrasive action of 200 revolutions wear-
ing a path of 52mm length uniformly before weighing
percentage wear. The abrasion resistance was calculated
using the Eq.3.
Abrasion resistance = ((Initial weight-Final weight)/Initial
weight)x100 Eq.3

Figure 4. Rapid chloride permeability test setup.

Figure 5. Water absorption test setup.

Where;
Initial weight = Weight of specimen before the test; Fi-
nal weight = Weight of specimen after the test.

2.4.4. Rapid Chloride Permeability Test

The rapid chloride permeability test was conducted
as per ASTM C1202 [40-43] by casting 100mm diameter
and 50mm height concrete specimens, demolding after 24
hours, and curing by immersion in water for 28 days. The
test apparatus containing the vacuum-saturated specimen
was connected to a 60V DC source for 6 hours, during
which the passed electrical charge was monitored peri-
odically before calculating chloride permeability. Figure 4
shows the experimental photograph of the Rapid chloride
permeability test setup.

2.4.5. Water Absorption

The water absorption test was performed as per IS
1199 [44-47] by casting concrete cubes of 150mm size,
demolding after 24 hours, and curing by immersion in wa-
ter for 28 days. The cured specimens were dried in an oven
at 100-105 °C to constant mass. After cooling, the cubes
were immersed in water for 72+2 hours. The specimens
were then weighed in water and after surface drying to de-
termine water absorption using the percentage increase in
mass. Figure 5 shows the experimental setup of the water
absorption test.
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Table 3. Physical and mechanical properties of Virgin and Recycled aggregates

Specific =~ Density =~ Water absorption = Aggregate crushing  Aggregate impact  Abrasion
gravity (kg/m?) (%) value (%) value (%) value (%)
VCA 2.64 1542 1.75 17.2 16.78 14.3
RCA 2.51 1366 4.39 20.9 28.2 26.1
IS 2386 Limits for pavements ~ 2.5-3.0 ~ 1500-1700 <2% <30% <30% <30%
3. RESULTS AND DISCUSSION 50
3.1. Physical and Mechanical Properties of Recycled [_]7Days
Coarse Aggregates Hio- 3 . [ 128Days
Table 3 presents the physical and mechanical properties = G e
of Virgin Coarse Aggregates (VCA) and Recycled Concrete | £ —I—
Aggregates (RCA) in comparison with the IS 2386 limits for gao =
pavements. The results reveal notable differences between ﬁ ] e ez —
VCA and RCA across all measured parameters. The specific 8
gravity of RCA (2.51) is lower than that of VCA (2.64), con- ‘? 204
sistent with the previous studies. This reduction aligns with | §
findings by Verian et al. [48], who reported specific gravity | § 15
values for RCA ranging from 2.35 to 2.58. The lower specific | ©
gravity of RCA can be attributed to the presence of adhered
mortar, which is less dense than the original aggregate (Mc- 0
Neil and Kang, 2013) [49]. The density of RCA (1366 kg/m?) VCA RA10 RA20 RA30 RA40
is substantially lower than VCA (1542 kg/m?), further con- Replacement of RCA (%)

firming the increased porosity. While the VCA density falls
within the IS 2386 limits for pavements (1500-1700 kg/m?),
the RCA density is slightly below this range, which may re-
quire consideration in mix design for pavement applications.

The RCA exhibits significantly higher water absorption
(4.39%) compared to VCA (1.75%), exceeding the IS 2386
limit of <2% for pavements. This increased absorption is con-
sistent with studies by Saravanakumar et al. [50], who report-
ed water absorption values for RCA between 4.5% and 7.0%.
The higher absorption is primarily due to the porous nature
of the adhered mortar in RCA. This characteristic can lead to
workability issues in fresh concrete and potential long-term
durability concerns in hardened concrete. To mitigate these
effects, special consideration may be needed in mix design,
potentially including using water-reducing admixtures or
pre-saturation techniques for RCA (Verian et al. [48]).

Aggregation impact and crushing tests determine the
Resistance against externally applied loads. Impact value
signifies the ability to resist sudden shocks while crushing
value indicates the capacity to sustain gradual compressive
loads without excessive breakdown. Owing to the attached
porous old mortar phase on RCA particles, both impact and
crushing values are higher than VCA. Both the crushing
value (20.9%) and impact value (28.2%) of RCA are higher
than those of VCA (17.2% and 16.78%, respectively). These
results align with findings by Wang et al. (2017) [51], who
observed crushing values for RCA between 24% and 35%.
The increased crushing and impact values indicate lower
resistance to mechanical stresses, which can be attributed to
the weaker adhered mortar and potential micro-cracks in
RCA resulting from the crushing process (Xiao et al., [52]).
All values are within the IS 2386 limit (<30%), suggesting
better quality RCA than previous studies.

Figure 6. Compressive strength of RCA-based geopolymer
concrete.

The abrasion value empirically quantifies wear and tear
from rubbing/grinding actions through standard attrition
test methods. Abrasion induces progressive particle disinte-
gration, influencing concrete structures' long-term strength
and stability. The RCA demonstrates a higher abrasion val-
ue (26.1%) compared to the VCA (14.3%), but both are
within the IS 2386 limit of <30%. This aligns with the work
by Silva et al. [53], who reported abrasion values for RCA
ranging from 30% to 44%. The current results show lower
abrasion values for both VCA and RCA than the previous
studies, indicating better wear resistance.

These new results suggest that the RCA used in this
study is of higher quality than the previous studies, with
improved mechanical properties. This could lead to better
performance in pavement applications. However, the high-
er water absorption and slightly lower mechanical strength
of RCA compared to VCA may still necessitate adjustments
in mix design, potentially including the use of supplemen-
tary cementitious materials or chemical admixtures to miti-
gate adverse effects on workability and long-term durability
(Verian et al., [48]), with this concern these aggregates were
partially replaced in the Virgin Coarse Aggregates used in
geopolymer concrete for the pavement applications.

3.2. Compressive Strength

Figure 6 outlines the 28-day compressive strength ex-
hibited by geopolymer concrete containing varying re-
placement percentages of natural aggregates via recycled
concrete aggregates (RCA). Assessment of strength de-
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Figure 7. Water absorption of RCA-based Geopolymer
concrete.

velopment is imperative to determine the feasibility of
achieving standard structural requirements when utilizing
recycled aggregate mixes. It is evident that progressively
increasing the RCA percentage as a substitute for virgin
coarse aggregates results in the gradual decline of compres-
sive strength in the hardened geopolymer concrete from
40.16MPa to 33.52MPa. However, the concrete mixes with
10% and 20% RCA comfortably satisfy the target mean
strength of 35MPa at 28 days for M35 grade concrete in-
tended for pavement applications.

The noticeable drop in strength ensues due to the
inherent disparity between natural aggregates' proper-
ties and recycled aggregates discussed earlier. The po-
rous, weak zones emerging from old adhered mortar on
RCA particles generate discontinuities in what would be
a monolithic microstructure with only VCA [54]. More-
over, the higher water absorption capacity interferes with
efficient particle packing, increasing the voids ratio. Both
phenomena provoke more significant defect sites in the
hardened concrete composite, allowing failure under
loading to initiate and propagate through weaker zones
across the RCA interfacial pockets [55]. Additionally, rap-
id strength development associated with pure geopolymer
systems gets marginally deferred in the presence of RCA,
where the aggregates possess lower strength characteristics
that translate to the bulk matrix. However, over extended
periods, the geopolymerization process aids strength gain
by forming stable three-dimensional binder structures en-
veloping the aggregates [56]. Compatibility between the
geopolymer gel and RCA improves with curing, mitigat-
ing the negative trends seen during the early stages. The
nature of the bulk paste-aggregate interface impacts load
transfer efficiency and measured strength performance.
Hence, the CA percentage must be restricted, and suitable
admixtures must be adopted to boost interfacial bonding,
densification, and longer-term strength development to
attain reliable structural quality geopolymer concrete con-
taining recycled aggregates.

3.3. Water Absorption

Figure 7 represents the water absorption exhibited by
geopolymer concrete mixes containing increasing percent-
ages of recycled concrete aggregates (RCA) as replacements
for natural aggregates after 28 days of curing. Evaluating
sorptivity behavior is necessary to ensure the permeation
properties are not adversely altered in RCA-based concrete,
which can undermine durability against environmental ex-
posure during service life. The results show that as the RCA
replacement ratio is enhanced incrementally from 0% to
40%, the water absorption values of the geopolymer con-
crete increase gradually from 5.2% to 6.8%. However, all the
mixes demonstrate water absorption within the specified
limit of 7% for structural concrete applications. The visible
escalating trend is anticipated and is attributed primarily
to the higher individual absorption capacity of the recycled
aggregates arising from the porous adhered old mortar on
particles that retain additional moisture [57].

When recycled aggregates are integrated into the con-
crete matrix, the networks of existing fine pores in the weak-
er RCA phase translate into the hardened cement paste,
producing increased microstructural voids. Moreover, the
interfacial transition zone (ITZ) between RCA particles
and geopolymer paste tends to weaken, allowing localized
penetrability [56]. During mixing, higher absorption by
RCA reduces free moisture that can interfere with effective
dispersion and encourage flocculation. These factors col-
lectively provoke an escalation in sorptivity [58]. However,
specific self-sealing mechanisms emerge over longer-term
curing periods as geopolymeric gels diffuse into available
pores within RCA, achieving densification.

Moreover, enhanced moisture gets nullified in many
practical exposure conditions through drying/evaporation
effects preventing saturation except in situations of contin-
uous water contact [59]. Proper air entrainment measures
further offset risks from higher absorption capacity. Hence,
with a restricted RCA percentage to balance absorption ef-
fects, structural stability and durability performance against
water penetration remain within the permissible range for
RCA-based concretes implied by the test data. However,
conservative limits are necessary for universal standardiza-
tion, warranting significant focus on appropriate curing to
control water ingress risks in RCA-integrated concretes.

3.4. Abrasion Resistance of RCA-Based Geopolymer

Concrete

Figure 8 represents abrasion resistance evaluated through
weight loss in geopolymer concrete mixes incorporating in-
creasing replacement percentages of natural aggregates via
recycled concrete aggregates (RCA) after 28 days of stan-
dard curing. Determining abrasion behavior is vital to assure
surface integrity against progressive material disintegration
from friction/impact damage during the service life of con-
crete structures like pavements. The test results demonstrate
that when the RCA content is elevated, the abrasion resis-
tance characterized by the density of concrete lost from the
specimen surface declines gradually. The reference mix with-
out RCA exhibits the lowest volume removal of 10.82 cm?/50
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Figure 8. Abrasion resistance of RCA-based Geopolymer
concrete.

cm?, aligning with high-strength performance concretes.
As RCA substitution is enhanced to 40%, the abrasion val-
ue rises to 18.01 cm?/50 cm?, implying that surface integrity
becomes more vulnerable to wearing mechanisms but is still
within limits for concrete pavement application.

A noticeable reduction in abrasion resistance ensues be-
cause the recycled concrete aggregates themselves display
inferior surface hardness compared to natural gravels, re-
sulting from the porous, weak zones emerging from old ad-
hered mortar on particles [48, 50]. When loads are applied,
these softer sites become prominent locations for crack
initiation, which exponentially leads to material failure and
breakdown [60]. Moreover, due to higher porosity, the in-
terfacial bonding between RCA particles and geopolymeric
paste remains poor, allowing dislodgement of particles un-
der abrasion and exacerbating weight loss [50, 60]. Howev-
er, upon prolonged moist curing, the geopolymer concrete
matrix develops enhanced consolidation as the gel perme-
ates into available voids through the pozzolanic effect, di-
minishing flaws otherwise present around RCA zones [61].
However, the individual lower hardness characteristics
translate proportionally into bulk concrete composite be-
havior depending on the replacement ratio. Structured op-
timization of RCA percentage coupled with incorporating
abrasion-resistant admixtures like silicon carbide can aid in
attaining strength, and abrasion attributes service life for
geopolymer concrete containing recycled aggregates.

3.5. Chloride Ion Permeability of RCA-Based

Geopolymer Concrete

Figure 9 represents the resistance to chloride ion pene-
tration assessed through total charge passed during accel-
erated migration testing in geopolymer concrete specimens
with up to 40% coarse aggregates replaced via recycled
concrete aggregates (RCA). Analyzing chloride diffusivity
is imperative to evaluate durability against the ingress of
harmful salts, which can initiate rebar corrosion in struc-
turally reinforced concrete. It is discernible that charge

Figure 9. Chloride ions passage of RCA-based Geopolymer
concrete.

passed, which serves as an index of chloride penetrability,
rises progressively with an increase in RCA replacement
levels from 1687 coulombs for reference mix to 2196 cou-
lombs for 40% RCA mix after 28 days of standard moist
curing. However, as per ASTM 1202 classification, all four
concrete variations demonstrate low chloride ion permea-
bility, implying appreciable resistance against chloride in-
gress and corresponding corrosion risks.

The noticeable rise in chloride diffusivity is anticipated.
It is a consequence of the relatively more porous and perme-
able microstructure introduced by the recycled aggregates
having weaker interfacial bonding with the geopolymeric
paste, which acts as transport paths aiding the migration of
chlorides [62]. Moreover, RCA's higher moisture absorption
capacity leads to more excellent solution saturation, causing
increased chloride transportation compared to only natural
aggregates. Nonetheless, over longer durations, densifica-
tion occurs through secondary geopolymerization infilling
pores within the composite transition zones, resulting in the
refinement of permeability [63]. Adding mineral admix-
tures like Metakaolin or GGBFS optimizes packing, leading
to narrowed pores that restrain fluid transport. Finer RCA
fractions also demonstrate superior chloride resistance than
coarser particles, mitigating the negative impacts. Overall,
with controlled RCA proportions, geopolymer concretes
can achieve adequacy in permeability properties for assured
durability, as the test data indicates. Optimization of mix
design coupled with modified curing can address the impli-
cations of marginally elevated chloride penetrability in sus-
tainable concretes containing recycled concrete aggregates.

4. CONCLUSIONS

Based on the results presented in the attachment, here
are specific conclusions for this study:
« Recycled concrete aggregates (RCA) exhibited inferior
properties compared to virgin coarse aggregates (VCA),
with higher water absorption (4.39% vs. 1.75%), aggre-
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gate crushing value (20.9% vs. 17.2%), aggregate impact

value (28.2% vs 16.78%), and abrasion value (26.1% vs

14.3%). However, these values still fall within acceptable

limits for pavement applications.

o Increasing the RCA replacement ratio in geopolymer
concrete resulted in a gradual decline in 28-day com-
pressive strength from 40.16 MPa (0% RCA) to 33.52
MPa (40% RCA). Notably, up to 20% RCA substitution
achieved the minimum stipulated strength for pave-
ment applications.

o Water absorption of geopolymer concrete increased
from 5.2% to 6.8% as RCA content increased from 0%
to 40%. All mixes demonstrated water absorption with-
in the specified limit of 7% for structural concretes.

o Abrasion resistance, evaluated through the density of
concrete lost, declined with increasing RCA content
from 10.82 ¢cm?/50cm? for the control mix to 18.01
cm®/50cm? for 40% RCA mix. However, all abrasion
values remained within acceptable limits for pave-
ment-quality concrete.

o Chloride ion penetrability, assessed through total
charge passed, increased with rising RCA proportions
from 1687 to 2196 coulombs. Despite this increase, all
geopolymer concrete variations exhibited low chloride
permeability, indicating adequate durability.

« With the RCA percentage restricted to 20%, the strength,
abrasion resistance, and permeability requirements for
pavement construction were fulfilled, substantiating the
feasibility of using recycled aggregates in geopolymer
concrete for this application.

These conclusions highlight the potential for using RCA
in geopolymer concrete for pavement applications while ac-
knowledging the trade-offs in performance as RCA content
increases. The study suggests that up to 20% RCA replace-
ment can be effectively used without compromising essen-
tial properties required for pavement construction.
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1. INTRODUCTION

ABSTRACT

External walls, constituting the largest exposed surface area of the building envelope, face
heightened susceptibility to environmental influences. In this study location, aesthetic con-
siderations often overshadow environmental impact and comfort requirements in selecting
exterior cladding materials. This paper investigates the energy performance, global warming
potential, and thermal comfort aspects of carefully selected cladding materials, informed by an
exhaustive literature review, for application in retrofit projects in Abuja, Nigeria. Energy con-
sumption, carbon emissions, and temperature distributions were simulated using materials in
a hypothetical single-floor residential building finished with cement-sand plaster. The findings
show that gravel stone exhibits the most negligible environmental impact. In contrast, alumi-
num and lightweight metal cladding panels contribute significantly to the embodied carbon
of the building despite ranking as the most expensive materials. Insulating the test building
with polyurethane boards yields substantial energy savings of up to 9% in cooling electricity,
averting the need for added cladding. This study emphasizes the significance of adopting a
multi-criterion approach in selecting facade cladding materials, prioritizing environmental
and thermal considerations over aesthetic and cost benefits. The implications extend beyond
mere emissions reduction, shedding light on the vital interplay between material choices on
comfort and energy efficiency in building design.

Cite this article as: Alegbe, M., & Hammed, N. (2024). Sustainability beyond the surface:
Evaluating the long-term environmental and energy performance of selected cladding materi-
als for housing retrofits. J Sustain Const Mater Technol, 9(3), 221-238.

demanding a delicate balance between durability and the
fundamental properties of external finishes [2]. Recogniz-

In building design, a noticeable conflict has emerged
between the pursuit of aesthetic ideals and the imperatives
of sustainability [1]. The allure of cultural values and visual
appeal often precedes the crucial energy efficiency consider-
ations in buildings. In the contemporary landscape, marked
by an energy crisis, the separation of structural and cladding
functions in buildings has posed challenges to architects,
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*E-mail address: alegbemark@gmail.com

ing the urgency of sustainability, architects are transcending
the confines of mere artistic expression. Collaborating with
diverse professionals, they now strive for a holistic sustain-
ability approach [3, 4]. This drift is particularly evident in
treating wall claddings, which fulfill multiple roles—provid-
ing protection, enhancing aesthetic appeal, and regulating
building thermal conditions. The building envelope, a cor-
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nerstone of structural integrity, is connected to the exterior
sphere and constantly influences dynamic environmental
factors [5]. Evaluating the sustainability performance of
cladding materials within this complex context involves
addressing uncertainties related to quantification and the
complex interplay of various parameters [6].

The symbiotic relationship between the building en-
velope and the surrounding environment is pivotal, with
implications for occupants, structural integrity, and the
global climate. However, when designed in harmony with
nature, the impact of cladding materials on these aspects
becomes negligible [7]. Balaji et al. [8] accentuate the sig-
nificance of wall configuration in achieving superior ther-
mal performance. Factors such as the coeflicient of thermal
conductivity, wall thickness, and mortar thickness play a
fundamental role in determining the heat transfer rates of
cladding materials [9]. Materials with higher thermal con-
ductivity transfer heat more readily than those with lower
conductivity. In the context of building cladding materials,
as used by the author, materials with a higher coeflicient of
thermal conductivity will allow heat to pass easily through
the cladding materials, leading to increased heat transfer
rates through the wall components. Similarly, it was found
using Gray theory analysis that the coefficient of thermal
conductivity of wall materials and wall and mortar thick-
nesses are influencing factors that correlate with the wall
heat transfer coefficient. However, the climatic conditions
of the building's location significantly influence their effec-
tiveness [5], making considerations for time lag and decre-
ment factors paramount in tropical regions [8].

In the contemporary built environment industry, a par-
amount concern is the reduction of buildings' energy con-
sumption. Various factors, including material properties,
building size, geographical location, and environmental
conditions, collectively shape the energy performance of
buildings according to Atashbar and Noorzai [10] and Ba-
laji et al. [8]. A global imperative for sustainable buildings
to mitigate emissions and address climate change has shift-
ed the focus from aesthetics [11] to a more comprehensive
evaluation encompassing quality, cost, and environmental
impact [12, 13]. Therefore, beyond satistying thermal re-
quirements, cladding selection necessitates considering
physical qualities, ecological impact, and financial impli-
cations [2]. A holistic understanding of a material's sus-
tainability, as advocated by Takano et al. [14], demands a
lifecycle approach.

The global trend of housing retrofit in the construction
industry seeks to enhance the energy efficiency of existing
housing stock [15]. Modifying wall fabrics, glazing, or in-
corporating thermal insulators can significantly impact
energy savings and influence the sizing of HVAC systems
[16-18]. As part of this trend, cladding systems emerge as
crucial contributors to sustainable energy performance, al-
beit with challenges during selection. The decision-making
matrix balances cost, embodied carbon, aesthetics, thermal
properties, maintenance, and lifecycle impact [14]. Region-
al preferences further complicate the scenario, with North-
ern Europe favoring local timber for cladding, while the UK

leans towards rendered concrete blocks and brick for their
external visual appeal [19]. Cost considerations, however,
are driving a shift away from traditional materials [12].

The choice of cladding materials is inherently complex
and necessitates a case-by-case examination [20]. On the
other hand, Dodge and Liu [21] encourages selecting envi-
ronmentally friendly materials to minimize adverse envi-
ronmental impacts, emphasizing their effects on the user’s
comfort, the building’s lifespan, and maintenance consid-
erations [22]. When viewed through a building's micro-
climate lens, cladding performance takes precedence over
efficacy. Building practitioners must refrain from focusing
solely on cost reduction, recognizing that the most cost-ef-
fective materials may not always align with environmental
sustainability requirements. Hence, a delicate equilibrium
between ecological considerations and the practicalities of
design function and economy should guide the selection
and use of building materials [23].

While many building materials claim environmental
friendliness based on a specific aspect of the lifecycle [21],
the efficacy of cladding materials extends beyond reducing
carbon emissions. Considerations like life expectancy and
maintenance values should also factor into material choices
[13]. As construction becomes more intricate and material
options proliferate, the responsibility of material selection
may extend beyond architects due to knowledge gaps or
project complexity [24]. Enhancing existing housing stock,
especially external walls, to adapt to changing climates and
meet carbon emissions reduction targets is becoming cru-
cial [4]. Yet, public resistance persists as long as sustainabili-
ty efforts seem technical and aesthetically unpleasant. How-
ever, while integral to architectural sustainability, aesthetics
should not define the concept; it encompasses broader con-
siderations, including social equity, environmental impact,
and the preservation of cultural values [25].

This study proposes an approach for selecting external
cladding materials in existing buildings or retrofit projects
in Nigeria. Focused on a test building with a convention-
al cement-sand plaster exterior, the investigation involves
remodeling using various cladding materials through com-
puter simulations. The study presents a ranking system
based on embodied carbon, electricity for cooling, building
energy per conditioned area, and operative temperature on
the South-facing wing. The results aim to enlighten prac-
titioners on the multifaceted aspects of cladding selection,
offering guidance in decision-making processes.

2. LITERATURE REVIEW

Green architecture has reached a critical juncture where
careful considerations ensure that a building’s facade re-
mains visually appealing without compromising essen-
tial sustainability values [3]. However, a study reveals that
climate conditions and material performance often take a
backseat in material selection, with a predominant focus on
cost, aesthetics, and societal influence. Craig et al. [19] fur-
ther emphasizes a preference for external cladding materi-
als’ “traditional” look over novel alternatives. The challeng-
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Figure 1. Cladding construction techniques- (a) screwed system, (b) fixed system, (b) bonded system [36].

es associated with modern materials, including weathering
(patina), durability, and assembly, have been highlighted
Slaton [26]. While modern materials demonstrate reduced
susceptibility to water leakage or mold growth compared
to traditional masonry wall construction, concerns persist
regarding strength loss and anchorage deterioration, espe-
cially in modern thin claddings. Dissanayake et al. [27] ar-
gue that any building material utilizing waste materials or
minimizing natural resource consumption holds promise
for sustainability.

Moreover, studies show that cladding material choices
evolve due to technological advances and contemporary
material inventions meeting functional requirements. His-
torical trends in the US residential construction industry
have witnessed shifts in the last decade, exemplified by us-
ing wood, aluminum siding, fiber cement, and vinyl for ex-
ternal wall cladding [12]. Notably, fiber cement boards have
garnered interest from developers as a fagade cladding ma-
terial [6]. In urban space design, ceramic cladding emerg-
es as a potentially transformative sustainable architectural
material for the 21* century [7].

Over the years, the efficacy of different cladding materi-
als has been extensively investigated across various regions
globally, considering their application, selection and perfor-
mance based on energy savings [15, 17, 28], environmental
impact [11, 15, 21], cost [22, 29] and thermal comfort [20,
30]. Similarly, these materials have been researched world-
wide in various climates, with some options considered in
this study. Notable cladding materials investigated in pri-
or research include aluminium [21], wood [31], polysty-
rene [27], terracotta [32], marble, stone [33], Ceramic [7],
boards [34, 35], resin panels [26], recycled waste [6], con-
crete [28], plaster [20] and Date Palm Midribs (DPM) [15].

2.1. Cladding Construction Techniques

According to Metin and Tavil [36], the facade cladding
construction techniques encompass three primary meth-
ods: the screwed system, the fixed system, and the bonded
system (Fig. 1). The choice among these methods depends
on material type, desired aesthetics, application cost, specit-
ic building requirements, and cladding location. Claddings
can be installed directly onto the structural building system,
the core of the external wall, or over the core of the external
wall. When choosing between facade cladding construction
techniques, architects must consider various factors to en-
sure the selected approach aligns with the building project’s
requirements, budget, aesthetics, and performance objec-
tives. They must therefore:

I. Understand the properties and characteristics of the
available cladding material.

II. Assess how the chosen cladding material and construc-
tion technique contribute to the visual appearance of
the building facade.

III. Determine whether the cladding system needs to ac-
commodate additional features or functionalities such
as integrated solar panels, ventilation systems, or rain-
water management solutions.

IV. Assess the long-term performance and durability of the
chosen cladding materials and construction techniques.

V. Evaluate the cost implication of different cladding mate-
rials and construction techniques.

2.1.1. Screwed System

The screwed system, also known as the "rivet system"
[37] or "screw face" fixing, is a cost-effective way of installing
facade cladding that works well with various material types.
Cladding panels in this system are mechanically attached to
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the building using screws. While this system offers several
advantages, such as ease of installation and cost-effective-
ness, it also presents potential challenges. Here are some of
the challenges, along with possible mitigation strategies.

Thermal Bridging: Screws or fasteners used in this sys-
tem can create thermal bridges, where heat is transferred
through the fasteners, leading to energy loss and reduced
thermal performance of the building envelope. To avoid
this, the authors suggest the use of thermal break materials
or isolators between the fasteners and the cladding panels
to minimize heat transfer or the use of screws with lower
thermal conductivity in conjunction with insulating gaskets.

Visual Appeal: The presence of visible screws on the
facade may detract from the aesthetic appeal of the build-
ing, especially for projects with sleek or minimalist design
intentions. To mitigate this challenge, it is advisable to con-
ceal screws within the joints or seams of the cladding panels
where possible or incorporate design elements or features
that strategically integrate the fasteners into the overall fa-
cade design, turning them into intentional design elements
rather than distractions.

Corrosion and Maintenance: Exposing metal fasteners
to weather elements and moisture can lead to corrosion of
screws over time, potentially compromising the structur-
al integrity of the cladding system, thus, increasing main-
tenance requirements. To avoid this, it is suggested to use
corrosion-resistant materials such as stainless steel or gal-
vanized steel for screws.

2.1.2. Fixed System

The fixed system relies on hidden mechanisms to pro-
vide a seamless appearance to the building fagade. Studies
indicate that the fixed system contributes the most to the
sustainability of the construction process [36]. This system
poses challenges while contributing to better thermal per-
formance due to a complex installation process that can in-
crease construction and maintenance costs.

2.1.3. Bonded System

The bonded system employs adhesive or bonding agents
to attach the cladding material to the building structure.
This approach offers the advantage of a monolithic appear-
ance for the external facade, enhanced durability, and re-
duced thermal bridging compared to the screwed system.
However, costs may increase where specific skills and ad-
hesives are needed.

2.2. Cladding Choice on Building’s Performance

The escalating demand for quality housing is projected
to increase energy usage [27]. Atashbar and Noorzai [10]
demonstrated that optimal material selection for residential
building facades can lead to a 40% reduction in annual av-
erage energy consumption. For example, opaque materials
have been shown to have a short time lag and can decrease
indoor temperature by approximately 9 °C [30]. Pekdogan
and Basaran [17] also assert that opaque materials, such as
stone cladding, contribute to significant energy savings. A
study investigating various materials for a traditional sin-
gle-family home in Ohio, USA, found that vinyl siding was

the most environmentally friendly and cost-efficient option
despite limited recycling potential and shorter service life.
Similar investigations in the hot climate of the UAE favored
stone cladding systems for their exceptional performance,
closely followed by aluminum cladding panels (ACP) and
plaster systems. As Hamoush et al. [33] suggested, engi-
neered stone contributes to substantial energy savings,
reducing the cooling load in the UAE by 4% compared to
ACP and 1.5% compared to plaster.

Moreover, using locally sourced or industrial waste ma-
terials for cladding, such as Date Palm Midribs (DPM), has
demonstrated significant energy savings, as highlighted by
Darwish et al. [15] achieving a 13% reduction in cooling
and 4% in total energy consumption. Specifically, DPM fi-
bers have been recognized as a sustainable and energy-ef-
ficient material for cladding and construction due to the
inherent properties of the fiber, which can be processed
into strips and fiber boards. They have natural insulating
properties that can help regulate indoor temperatures by
reducing heat transfer through the building envelope. The
production process of DPM involves minimal energy in-
put compared to many industrial waste materials. Since
they are harvested from agricultural waste or by-products
of date palm cultivation, they have low embodied energy,
meaning they need less energy for extraction, processing,
and manufacturing than conventional building materials.

Further, the adoption of locally produced timber for
cladding, driven by cost considerations and a commitment
to improving housing sustainability, is gaining traction [19].
However, comparative cost analyses by Mac-Barango [29]
and Alegbe [38] on concrete blocks against timber indicate
that timber cladding can significantly increase construction
costs. While timber is valued for its ecological advantag-
es, such as carbon storage [39], it is not without challenges,
particularly its interaction with moisture. This can lead to
issues like timber discoloration in specific climates [12, 31].
Prevailing wind direction can also influence timber discol-
oration, especially in tropical monsoon climates [40]. It is,
thus, worthwhile to undertake a condensation analysis to
ascertain the possibility of mold growth when wood-based
materials define the facade of buildings.

Taylor et al. [11] compared to the global warming po-
tential of different cladding materials, they revealed that
plywood and masonry wall cladding had the lowest carbon
emissions. Conversely, reinforced concrete foundations were
associated with the highest global warming potential. The
buildings studied were different in size and design, which
may have influenced the outcome of carbon emissions. In-
vestigations by Ozel [28] in Elazig, Tiirkiye, highlighted the
highest peak load and maximum temperature swings for
concrete walls among various materials. Concrete, metal, and
brick were identified as the top three exterior wall cladding
emitters. Reducing carbon emissions in a building depends
on factors such as the building system, operational schedule,
and the source of electricity [13]. In conclusion, the litera-
ture review highlights various pivotal factors that shape the
choice of cladding materials. These encompass differences
in material availability and usage depending on location, the
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continuous evolution of cladding materials, and the complex
interaction between numerous factors influencing the energy
performance of these materials.

3. MATERIALS AND METHODS

3.1. Cladding Materials Selection Process

This research adopted a comparative and experimental
design to examine the energy performance of 19 carefully
selected cladding materials derived from an extensive liter-
ature review in contrast to widely used cement-sand plaster
on a test building. The selection of cladding materials for
the study followed a systematic process to ensure the rep-
resentation of diverse materials commonly used in building
construction within tropical regions. Three primary criteria
guided the selection process:

I. Commonly Used Materials: Cladding materials were cho-
sen based on their prevalence in tropical construction
projects, ensuring that the selected materials were rep-
resentative of those encountered in practice. For exam-
ple, materials such as clay and stone are commonly used
in tropical climates due to their durability and thermal
properties.

I1. Material Diversity: Selection criteria encompassed a wide
range of material types, including natural materials (e.g.,
straw, clay, gravel stone), synthetic materials (e.g., PVC
tiles, aluminum panels), and composite materials (e.g.,
resin-bonded fibreboard, polyurethane cellular board).
This diversity facilitated a comprehensive comparison
of material properties and performance characteristics
relevant to tropical construction environments.

III. Availability and Accessibility: Priority was given to
cladding materials that are readily available in the mar-
ket and commonly used in construction projects. This
consideration ensured the practical relevance and appli-
cability of the study findings to real-world scenarios in
tropical regions, especially Nigeria.

The search for relevant literature employed a rigorous
approach leveraging reputable academic databases such as
Scopus, Web of Science, and Google Scholar. A targeted
search strategy was utilized using keywords, Boolean op-
erators, and explicit vocabulary terms (e.g., 'cladding mate-
rials,' 'building envelope,' 'tropics’). Articles published from
2010 onwards were selected to ensure relevance to cur-
rent construction practices within tropical climates, with
reports, books, and theses excluded to prioritize peer-re-
viewed research. Retrieved articles underwent screening
based on title, abstracts, and full text to assess their rele-
vance and eligibility for inclusion in the literature review.
This ensured a robust and all-inclusive analysis of the se-
lected cladding materials.

The primary focus of this study is to evaluate these ma-
terials' environmental performance, energy consumption,
and cost implications, aiming to suggest a basis for clad-
ding selection for retrofit projects in Nigeria through a
multi-criterion ranking system. Contemporary EnergyPlus
(EPW) weather files specific to Abuja were generated using
Meteonorm (V 8.0.3), ensuring a precise representation of

real-world environmental conditions. These weather files
were imported into the DesignBuilder (V 6.1.0.6) energy
simulation program, facilitating an all-inclusive building
performance analysis.

3.2. Simulation Environment Setup and Parameters

Detailed attention was paid to various parameters across
categories to establish a robust simulation environment.
For instance, residential spaces were modeled in the Activ-
ity system settings using the “Domestic Bedroom” template
to reflect typical occupancy patterns accurately. Moreover,
all zones within the test building were included in thermal
and radiance daylight calculations, allowing for a holistic
understanding of environmental dynamics. Occupancy
density was fixed at 0.0229 persons/m? with a metabolic
factor of 0.90, ensuring a precise representation of human
heat gains for a maximum of two users in all occupied areas.
Additionally, scheduled-based clothing was defined to align
with typical clothing behaviors. Thermal calculations were
also conducted annually, with cooling setpoints configured
at 25°C for comfort conditions and a setback temperature
of 28°C to optimize energy efficiency.

Furthermore, construction boundary parameters uti-
lized the Uninsulated Heavyweight template to represent
the building's initial construction characteristics accurately.
Model infiltration was set at 1.0 air changes per hour (ac/h),
simulating realistic air exchange rates peculiar to residential
buildings in the study location. Window openings had two
layers of 3mm generic clear glass with two horizontal divid-
ers. In contrast, vertical dividers were omitted to simplify the
simulation while capturing essential building envelope char-
acteristics. Also, exterior lighting schedules were established
with an absolute power setting of 100 watts, designed to turn
off during daylight hours to conserve energy automatically.
For HVAC operations, mechanical systems were exclusively
employed for cooling, with electricity sourced from the grid
as the primary fuel. Furthermore, humidity control settings
were configured for dehumidification to address prevalent
high humidity levels recorded in the location.

3.3. Base Model Calibration and Validation of

Simulation Parameters

To ensure the accuracy and reliability of the simulation
results, rigorous steps were taken to validate the parameters
of the simulation environment. Firstly, the input data, in-
cluding weather files and building geometry, were carefully
cross-referenced with data from the Nigerian Meteorolog-
ical Agency (NIMET) and benchmarked against historical
data to verify their consistency and accuracy. Furthermore,
a sensitivity analysis was conducted using the initial setup
to identify critical factors influencing energy consumption
in the base model, revealing that occupancy level, wall
thickness, and insulation are the primary drivers of energy
use intensity. These factors guided the alterations needed
for the building simulations.

The model underwent detailed iterative calibration to
align simulation results with benchmarked empirical data
and improve accuracy. Initially set at 0.1187 persons per
square meter (equivalent to 8 occupants), the occupancy
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level was adjusted to 0.0229 persons per square meter (2 oc-
cupants) to reflect better the actual usage scenario appropri-
ate for the hypothetical building’s area. Each adjustment in-
volved recalculating energy consumption, highlighting that
varying the number of occupants significantly affected the
building's energy usage. The wall thickness and insulation
levels were also iteratively adjusted to optimize thermal per-
formance. The initial model included a 150mm wall without
insulation, yielding a U-value of 1.385 W/m’K. Increasing
the wall thickness to 225mm reduced the U-value to 1.054
W/m’K. Adding a 35mm PUR insulation further improved
the U-value to 0.436 W/m*K. However, it was observed that
increasing the insulation thickness to 75mm led to higher
energy consumption, likely due to over-insulation effects.

Moreover, thicker insulations always increase the over-
all costs of the building project [41]. Therefore, 35mm PUR
insulation was selected as the optimal thickness, balancing
energy efliciency and the potential for introducing cladding
materials for further energy performance experiments.
This iterative process of adjusting parameters ensured the
model's thermal properties aligned with real-world perfor-
mance metrics in the tropics. A better alignment between
real-world scenarios and simulation parameters is neces-
sary to reduce the prediction gap of results [42].

The test building, featuring a cross-shaped form (Fig. 2)
and encompassing a total floor area of 71.85 m?, was in the
first simulation stage, modeled using 225mm concrete hol-
low blocks and finished with 35mm cement-sand plaster on
the exterior and interior surfaces. Occupying a single floor
level, the building consists of equal units on all orientations
(North, South, West, and East), with a central space provid-
ing access to all four spaces.

The building plan is hypothetical, and the size does
not indicate retrofit projects in Nigeria, as this can vary
in length and scale. The adopted plan, however, reflects
standard features in a typical project with rooms flanked
towards different orientations. The building represents re-
al-world scenarios with manageable spaces for conducting
experiments in a controlled environment. The cladding
application followed the screwed, fixed, or bonded system,
depending on the suitability of each cladding material with
the construction system. A combination of these systems
was employed to suit the unique properties of each mate-
rial. The study method provides a foundation for future re-
search in cladding selection when dealing with large and
complex retrofit buildings.

In the first investigation stage, multiple simulations were
conducted by cladding the original wall with each cladding
material, generating comprehensive data on energy con-
sumption, environmental impact, and cost implications.
Simulations were carried out simultaneously on the north,
south, west, and east sides to discern potential variations in
energy impact. During the second phase of the experiment,
a 35mm diffusion light polyurethane board insulator was
uniformly applied to all the materials. This insulator, with a
conductivity of 0.0260 W/m-K, density of 35 kg/m?®, and an
embodied carbon of 3.0 KgCO,/Kg, was added to assess the
impact of insulation on the selected materials.

Figure 2. Top view of test building with sun path in Design-
Builder.

An analytical comparison of the simulation results
with data from relevant literature was conducted to val-
idate the simulation model. This approach is particularly
suitable for simulations not incorporating field measure-
ment data [43]. The energy consumption results for the
hypothetical building, both with and without insulation,
were compared against values reported in benchmark
studies. These studies were chosen based on their rele-
vance to the energy performance of insulated and non-in-
sulated buildings and their alignment with the findings
of this research. The selected benchmarks include ener-
gy performance data for residential and tertiary building
stock in Spain [44, 45], public and commercial buildings
in China [46, 47], public buildings in Malaysia [48], and
residential buildings in Libya and Nigeria [49, 50]. These
studies provided diverse energy consumption data to val-
idate the simulation results.

3.4. Data Analysis and Visualization

Statistical analysis and visualization of the simulation
results were conducted using a combination of Microsoft
Excel and Tableau (version 2018.3). Initial data exploration
and analysis were performed using the Data Analysis Tool-
Pak add-in in Excel, facilitating a comprehensive statistical
assessment. Descriptive statistics were employed to char-
acterize the data’s dispersion and distribution, including
measures of central tendency such as mean and median
and measures of variability such as standard deviation and
range. Graphical representations, including histograms
and radar charts, were used to visualize the distribution
and identify any outliers or patterns within the data. To en-
hance the clarity and quality of data visualization, Tableau
was employed to create high-quality visual representations
that effectively depict statistical findings, easing a clearer
understanding of data trends and distributions.
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Figure 3. Methodology framework.

In addition to descriptive statistics, inferential statistical
techniques were employed to investigate relationships and
differences within the dataset. Analysis of Variance (ANO-
VA) was used to assess differences in energy performance
among the various cladding materials. This allowed for a
comparison of means across multiple groups and provid-
ed insights into the impact of different materials on energy
consumption. Furthermore, a t-test analysis was conducted
to compare specific variables, such as embodied carbon and
cost, between distinct groups or conditions. These tests pro-
vided valuable insights into the significance of differences
observed within the dataset. Regression analysis was also
employed to explore the relationship between key variables,
such as cladding material properties and their influence on
energy performance. The combination of these tools en-
abled a comprehensive analysis of the simulation data, pro-
viding helpful information into the performance of differ-
ent cladding materials and their implications for building
energy efficiency and sustainability.

Several key performance metrics were carefully con-
sidered to broadly evaluate the cladding materials' envi-
ronmental sustainability, energy efficiency, and cost-effec-
tiveness. These metrics were chosen to provide a holistic
assessment of the materials' performance across various
dimensions. The impact of the materials' embodied carbon
on the building's total global warming potential throughout
its lifecycle was a primary consideration in assessing envi-
ronmental sustainability. The materials' contributions to

reducing indoor temperature and cooling loads were also
evaluated to determine the building's energy efficiency.

Furthermore, the cost of implementing different clad-
ding options was analyzed to ascertain the most cost-effec-
tive alternative. This included upfront costs and potential
long-term savings or expenses associated with mainte-
nance, repairs, and energy consumption. By examining
these key metrics, cladding materials that offer optimal
environmental sustainability, energy efficiency, and cost-ef-
fectiveness were identified, informing decision-making in
building design and construction.

Building fabric insulation plays a vital role in improving
the thermal performance of buildings [51-53]; thus, adding
insulation offered valuable insights in the context of the ex-
periments. The framework of the methodology is depicted
in Figure 3.

4. RESULTS AND DISCUSSIONS

Selecting an appropriate cladding material for existing
cement-sand plastered buildings is a complex undertaking,
influenced by factors such as thickness, material density,
embodied carbon, and conductivity, as shown in Table 1. A
regression analysis explored the relationship between sever-
al factors, including the embodied carbon of cladding ma-
terials and the building's total embodied carbon. The study
revealed a moderate to strong relationship between the em-
bodied carbon of the cladding materials and the building's
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Table 1. Thermophysical properties of experimented cladding materials

S/No Cladding materials Density Conductivity Material's Wall's
(Kg/m?) (W/mk) embodied U-value
carbon (W/m?k)
(KgCO./Kg)
1 Conventional Cement Plaster 1860 0.720 0.19 1.054
2 Straw Fireboard 300 0.100 0.53 0.770
3 Plate Glass 2710 0.760 0.85 0.883
4 Aluminium Panels (With Air Gap) 7680 45 8.55 0.855
5 Expanded Impregnated Cork Board 150 0.043 0.19 0.567
6 Polyvinylchloride (PVC) Tiles 1200 0.190 241 0.973
7 Clay Tiles 1120 0.520 0.46 1.033
8 Burnt Brick Tiles 1890 0.800 0.46 1.033
9 Cement-bonded Particle Board 1200 0.230 0.60 0.986
10 Vermiculite Insulating Brick 700 0.270 0.44 0.927
11 Gravel Stone 1840 0.360 0.02 0.956
12 Polyurethane Cellular Board 24 0.023 3.00 0.405
13 Hardboard Solid wood 600 0.080 0.89 0.635
14 Resin-Bonded Fibre Board 240 0.042 0.59 0.561
15 Flax Shive Resin Bonded Board 500 0.012 0.51 0.259
16 Particle Board 640 0.0129 0.51 0.458
17 Foil-Laced, Glass Fibre-Reinforced Polyisocyanurate Board 32 0.019 0.58 0.358
18 Perlite Plaster 400 0.080 0.12 0.721
19 Expanded Rigid Rubber Board 70 0.032 3.51 0.490
20 Lightweight Metallic panels 1250 0.290 8.55 0.859

total embodied carbon (R*=0.462). The implication is that
the materials’ embodied carbon influences the building’s
total embodied carbon. Additionally, the analysis yielded a
statistically significant F-value of 0.000974 (F<0.005), indi-
cating the variables' significance.

Among the materials examined, boards demonstrate
promise as effective cladding materials, particularly when
insulated. Insulated walls are crucial in reducing peak loads
on interior surfaces [28]. However, gravel stone cladding is
the most consistent material considering energy efficiency,
cooling load, embodied carbon, and thermal comfort. In-
troducing cladding to the test building results in an overall
cost increase and a surge in embodied carbon. In the ex-
perimental setup, the simulated cost increase is attributed
to material expenses and labor costs, including geographi-
cal-based labor rates. Adding an extra layer to a building in-
evitably increases these associated costs. In the case of clad-
ding, compared to conventional plaster, the increase in cost
is due to the cladding material and installation costs. For
instance, cladding with hardboard solid wood resulted in
a negligible cost increase of 0.02%, while using aluminum
cladding panels incurred the highest cost increase of 6.26%.

Concerning embodied carbon, buildings with cladding
exhibit higher levels than those with conventional plaster,
primarily due to the added materials, energy, and resourc-
es needed for production, transportation, and installation.
The choice of cladding material significantly influences the
magnitude of this increase. The conventional cement-plaster

wall finishes with 0.19 KgCO,/kg of embodied carbon con-
tribute to the building's total embodied carbon, amounting
to 25,869.80 KgCO.. As illustrated in the ranking schedule
in Table 2, the test building with conventional plaster shows
the lowest embodied carbon and cost, primarily because no
additional cladding was incorporated.

In contrast, the aluminum cladding panel, with an em-
bodied carbon of 8.55 KgCO,/kg, elevates the total build-
ing's carbon footprint to 267,829.20 KgCO,, representing
a 90.34% increase. These figures underscore the substan-
tial impact of a material’s embodied carbon on a building's
overall sustainability profile.

It is important to note that while cladding may entail
higher upfront costs and embodied carbon, it offers long-
term benefits such as improved energy efficiency, enhanced
durability, and aesthetic appeal. These benefits can justify
the initial investments associated with cladding, especially
when considering the building's lifecycle. Additionally, ad-
vancements in sustainable cladding materials and construc-
tion practices continue to drive improvements in environ-
mental performance, mitigating the environmental impacts
associated with cladding installations.

4.1. Energy Performance

The greenness of individual components within a
building directly influences the overall sustainability of the
building structure, its operation, and its energy efliciency
[7]. The energy performance of the cladding materials was
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Table 2 (cont). Performance-based ranking of uninsulated cladding materials

Hours above 28 °C (South-

facing wing)

Building's mean annual

Cost

Building's embodied
carbon (KgCO,)

Cooling electricity

(Kwh/m?)

Energy per total building

area (Kwh/m?)

S/No

operative temperature (°C)

Polyvinylchloride (PVC)

Tiles

Polyvinylchloride (PVC)

Hardboard Solid wood Plate Glass
Tiles

Vermiculite Insulating Brick

Vermiculite Insulating Brick

16

Cement-bonded Particle

Board

Burnt Brick Tiles

Gravel Stone

Polyvinylchloride (PVC)

Tiles

Polyvinylchloride (PVC)

Tiles

Aluminium Panels (With

Air Gap)

17

Burnt Brick Tiles

Cement-bonded Particle

Board

Burnt Brick Tiles

Plate Glass

Cement-bonded Particle

Board

Cement-bonded Particle

Board

18

Clay Tiles

Clay Tiles

Lightweight Metallic panels
Aluminium Panels (With

Air Gap)

Lightweight Metallic panels
Aluminium Panels (With

Clay Tiles
Air Gap)

Clay Tiles

19
20

Conventional Cement Plaster

Conventional Cement Plaster

Burnt Brick Tiles

Burnt Brick Tiles

assessed across three key energy parameters: energy per
building area, total electricity consumption, and cooling
electricity. Analysis of Variance (ANOVA) test was con-
ducted to evaluate the impact of cladding material choice
on these energy metrics and shed light on the factors in-
fluencing the overall energy efficiency of the building. The
results of the tests revealed significant variations in energy
performance among the different cladding materials inves-
tigated. Across all three parameters, the choice of cladding
material exerted a discernible effect on energy efficiency (F
(2, 57)=1285.59, p<0.05). Specifically, the between-groups
variance (SS=400067.0165) significantly exceeded the with-
in-groups variance (SS=8869.009755) for all three energy
parameters, showing notable disparities in energy perfor-
mance across the range of cladding materials tested. The
calculated F-statistic of 1285.59, coupled with a p-value of
3.82176E-48, highlights the statistical significance of these
findings. Notably, with an alpha value of 0.05, the proba-
bility of observing such substantial differences in energy
performance by random chance alone is exceedingly low.

The findings further reveal that gravel stone, occurring
naturally as loose aggregates of rock fragments, exhibits
the lowest energy consumption as a cladding material. In
comparison, the building with cement-sand plaster has a
total building energy per normalized floor area of 258.20
kWh/m®. However, the Energy Use Intensity (EUI) de-
creased by 8% when clad with gravel stone. The energy
savings achieved by gravel stone cladding are synonymous
with similar investigations conducted by those who gained
significant energy savings through cladding materials in-
clusion in the building envelope. It is essential to note that
adding cladding does not entirely reduce energy consump-
tion. For instance, materials such as polyvinyl chloride
(PVQ) tiles, vermiculite insulating brick, aluminum panels
(with air gap), cement-bonded particle board, clay tiles, and
burnt brick tiles all increased the EUI of the building (Fig.
4). Burnt brick tiles, for example, increased the energy use
of the building by 2%.

Nevertheless, when insulation was attached to these
cladding materials on the exterior of the test building, results
differed. Remarkably, simply cladding the cement-plaster
building with a polyurethane insulating board reduces the
energy consumption of the building by 6%, offering the
most substantial energy savings without further cladding
(Fig. 5). Several factors contribute to this phenomenon,
including variations in insulation effectiveness against the
cladding materials, thermal bridging, air leakage, and inter-
stitial condensation. This is evident from the condensation
analysis conducted in the experimental setup, which pro-
duced the Glaser diagrams for aluminum cladding panels,
clay brick, and PVC tiles cladding shown in Figure 6. These
diagrams illustrate how adding cladding can inadvertently
introduce thermal bridges or compromise the airtightness
of the building envelope, thereby offsetting the intended
energy-saving benefits.

Furthermore, certain cladding materials' inherent prop-
erties may result in poor thermal resistance or inadequate
insulation, leading to increased heat transfer through the
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Figure 4. Energy consumption of uninsulated cladding materials.
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Figure 5. Energy savings on insulated cladding materials.

building envelope. Additionally, cladding installation and
construction technique variations, which depend on the
material type and design considerations, can further impact
energy efficiency outcomes.

While Insulation can enhance the thermal performance
of cladding systems by reducing heat loss or gain through
the building envelope, its effectiveness may be influenced
by interactions with other building components, such as
windows, doors, and HVAC systems. In scenarios where

insulation is added to cladding materials, the energy con-
sumption of dissimilar materials can be affected differently.
Materials with inherently poor insulation properties may
experience minimal improvements in energy efficiency de-
spite adding insulation. Conversely, materials with better
insulation properties may benefit more from insulation ad-
ditions, reducing energy consumption. Figure 7 compares
the energy consumption of the cladding materials with and
without insulation. The cement-plaster building exhibited
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a notably higher energy consumption of 258.20 kWh/m?*
than the insulated scenario, where energy consumption
decreased to 242.75 kWh/m?. This considerable differ-
ence underscores the significant impact of insulation on
building energy efficiency. The observed dramatic differ-
ence, particularly for the cement-plaster building, can be
attributed to the insulation's ability to mitigate heat trans-
fer through the building envelope. Insulation helps retain
conditioned air within the building, reducing the need for
cooling and thus lowering overall energy consumption.
Additionally, the variation in energy consumption across
different cladding materials further contributes to the
range of values depicted in the figure.

While gravel stone maintains the lowest energy con-
sumption for insulated buildings, it does not integrate well
with the insulator used, resulting in an approximately 1%

increase in EUL The thickness of the insulation layer may
not have been sufficient to provide adequate thermal re-
sistance to mitigate heat transfer through the building en-
velope, leading to increased energy consumption. Certain
cladding materials may exacerbate heat transfer or mois-
ture issues, counteracting the intended benefits of the in-
sulation layer.

Other materials in the top 25% with the least EUT in this
study include particle board, lightweight metallic panels,
flax shive resin-bonded board, and foil-laced glass fiber-re-
inforced polyisocyanurate board (Table 2). These materials
show a comparative energy reduction of 5% in the case of
particle board cladding and 3.5% in foil-laced polyisocyan-
urate board. On the other hand, cooling loads vary for these
materials despite having a low EUI. Precisely, unlike other
materials in the top 25%, the cooling load for particle board
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Figure 7. Energy consumption of cladding materials.

does not align with its reduced energy consumption. In the
ranking of materials based on cooling load, polyurethane
cellular board makes the list of the top 25%.

Gravel stone, without insulation, has the most signifi-
cant savings on cooling energy, with an 11% reduction in
electricity for cooling, compared to conventional buildings
(Fig. 7). The potential of gravel stone to reduce indoor tem-
perature was emphasized by Mediastika and Hariyono [30]
and Hamoush et al. [33], who achieved a cooling load re-
duction of 4%. Conversely, materials at the bottom of the
energy ranking include vermiculite insulating brick, alumi-
num panels (with air gap), cement-bonded particle board,
clay tiles, and burnt brick tiles. Similar to an investigation
by Taylor et al. [11], concrete, metal, and brick negatively
impacted building performance. Their densities and con-
ductivities may influence the energy performance of these
materials. While aluminum cladding panels are proven
effective in reducing energy consumption in hot climates
[33], they increase energy consumption. Notwithstanding,
lightweight metallic panels decreased energy consumption
by approximately 5%. The selection of materials requires
careful consideration, as their inherent properties can sig-
nificantly impact thermal performance.

4.2. Cost and Embodied Carbon

The relative cost of building construction varies even
within the same geographical region. The cost analysis pre-
sented in this study provides an overview of how cladding
materials costs impact a building's budget. Choosing materi-
als solely based on cost may have unintended environmental
consequences. As highlighted by Takano et al. [14], an ex-
pensive building material can exhibit lower environmental

impacts and offer high aesthetic quality. The findings of this
investigation identify hardboard solid wood, resin-bonded fi-
berboard, particleboard, polyvinyl chloride (PVC) tiles, and
straw fireboard as the top 25% most cost-effective materials.

Interestingly, only one of these materials, particle board,
also ranks at the top regarding the most minor energy con-
sumption, as discussed in section 5.1. This suggests that an
inexpensive material can still positively impact a building's
energy performance. Conversely, gravel stone, burnt brick
tiles, lightweight metallic panels, and aluminum panels
contribute to an increased building cost. To illustrate, while
hardboard solid wood only marginally increases the build-
ing cost by 0.02%, adding aluminum cladding panels raises
the building cost by approximately 6%.

The embodied carbon of a material plays a crucial role
in a building's carbon emissions. The data collected for
embodied carbon in this study excludes emissions arising
from electricity consumption, as it was treated separately to
assess specific impact areas. Table 1 shows that aluminum
cladding and lightweight metal panels exhibit the highest
embodied carbon (8.55 KgCO,/Kg). The carbon data col-
lected for buildings with these metal panels show a signifi-
cant increase in embodied carbon, with about 37.88% and
90.34% increases for lightweight metallic and aluminum
cladding panels, respectively. Materials with the least em-
bodied carbon on the ranking table include particle board,
foil-laced glass fiber-reinforced polyisocyanurate board,
expanded impregnated cork board, and gravel stone. While
particle board increases the test building's carbon by 0.2%,
gravel stone adds to the building's carbon by 0.9%. Parti-
cle board presents the most minor carbon emission to the
building, although it is not the material with the least in-
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herent embodied carbon. The impact of cost on a building's
embodied carbon shows that the most expensive materials
also contribute to an increased building's embodied car-
bon. However, this should not be a primary criterion for
selecting a cladding material, as a costly material can still
reduce a building's carbon footprint. Gravel stone, for ex-
ample, is ranked as one of the most expensive materials in
this study but does not significantly increase the building's
carbon emissions.

Notably, a t-test analysis conducted to compare the
building's embodied carbon and associated cost revealed
a statistically significant difference between the mean val-
ues of the two variables. The calculated t-statistic of -10.805
shows a substantial difference between the means, with the
mean cost significantly lower than the mean embodied car-
bon. Furthermore, the p-value obtained for both one-tailed
(7.44981E-10) and two-tailed (1.48996E-09) tests is ex-
tremely small, well below the used significance level of 0.05.
This shows compelling evidence against the null hypothe-
sis, supporting the assertion of a significant difference be-
tween the means. Practically, these results imply that while
some materials may offer lower initial costs, they may entail
higher environmental costs in terms of embodied carbon.
Conversely, materials with lower embodied carbon may
have a higher financial expense. This trade-off necessitates
careful consideration during the material selection process
to balance environmental sustainability and economic via-
bility in building projects.

4.3. Indoor Comfort Level

The simulations conducted in this study were per-
formed under-regulated indoor HVAC conditions. The
choice of cladding material and system had minimal
impact on the average indoor operative temperature of
the building annually. Despite the test building with ce-
ment-sand plaster exhibiting the highest mean annual
operative temperature, no cladding material achieved a
reduction of 1°C. Nevertheless, gravel stone emerged as
the cladding material, providing the best average yearly
temperature for the building, which was 27.32°C. Gravel
stone has a unique combination of properties that con-
tribute to its effectiveness in enhancing indoor comfort
levels. Its high thermal inertia enables it to absorb heat
during the day and release it gradually at night, promot-
ing temperature stability within indoor spaces.

Additionally, gravel stone exhibits exceptional heat ab-
sorption and radiation characteristics, complemented by its
natural insulation properties. Studies have proven that the
opaque nature of gravel stone also helps maintain lower in-
door temperatures, further enhancing comfort levels. The
exceptional performance of stone cladding in hot climates
is further corroborated by Hamoush et al. [33], who sug-
gested that the uniqueness of stone for indoor comfort and
energy savings can be further harnessed when engineered.

Despite these advantages, the research uncovered unex-
pected findings regarding the performance of wood-based
cladding materials on the south-facing wing, which is the
most exposed part of the building on a typical sunny day.

Specifically, resin-bonded, polyisocyanurate, and polyure-
thane boards showed slightly fewer discomfort hours an-
nually than gravel stone (Fig. 8). This divergence can be
attributed to the lower surface temperatures exhibited by
wood-based products when exposed to direct sunlight.

Adding insulation with these claddings further en-
hanced indoor comfort for these materials. Initially, the
range of discomfort hours the materials without insula-
tion provided varied from 6.5°C (Flax Shive Resin-Bond-
ed Board) to 23°C (Clay Tiles). But, with insulation added
to the cladding materials and the cement-plaster building,
the range narrowed to 6.5°C (Cement-Plaster Building)
and 7.0°C (Lightweight Metallic Panels), emphasizing the
significance of insulating buildings. The challenge of solar
gains on the south-facing wing can be effectively controlled
by retrofitting solar shading mechanisms to block the sun's
rays [54, 55], enhancing energy efficiency. It is worth noting
that while these measures can contribute to increased oper-
ational costs for retrofit projects [56, 57], they offer valuable
solutions for managing solar gains and improving overall
building performance.

4.4. Implications for Nigeria's Built Environment Sector

Nigeria aims to achieve net-zero emissions by 2060, as
declared during the COP26 Climate Summit. The country
was the 25th largest global emitter of greenhouse gasses
in 2019, with the potential to meet 59% of its energy con-
sumption needs by 2050 [58] through sustainable building
practices with renewable energy integration. Significant
benefits will ensue if the necessary building stakeholders
embrace critical aspects of the research findings, including
a reduction in carbon emissions within the built environ-
ment and a notable shift towards achieving net-zero car-
bon and emission reduction targets. Sustainable building
practices with local materials foster better environments
and reduce dependence on imported materials. Moreover,
these practices could prompt government investment in
more sustainable and low-carbon materials research, lay-
ing the groundwork for a resilient and eco-friendly built
environment.

The research findings also shed light on the complex-
ities of sustainable materials for projects within the Nige-
rian built environment industry, emphasizing the intricate
considerations involved in material selection and building
energy performance enhancement. This holistic perspec-
tive goes beyond surface aesthetics to address long-term
environmental impact and sustainability. Amidst the dy-
namic landscape of sustainable building construction, in-
dustry stakeholders must balance the allure of aesthetically
pleasing materials with the imperative to prioritize ecolog-
ical performance. While initial costs may pose significant
challenges, as expounded previously, the enduring cost-ef-
fectiveness and return on investment of green technologies
offer promising opportunities to reshape Nigeria's con-
struction sector.

With Nigeria's urban population projected to double
its current figure by 2067 [59], the demand for sustain-
able housing solutions becomes increasingly urgent. Em-
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Figure 8. Discomfort hours generated by cladding materials.

bracing environmentally conscious materials in build-
ing design reduces operational costs, enhances property
values, and drives job creation. Adopting green building
initiatives aligns seamlessly with Nigeria's emissions re-
duction targets and climate resilience goals. However, re-
alizing the full economic potential of sustainable practices
requires proactive measures, including establishing green
building policies and standards by policymakers and in-
dustry stakeholders [60-62]. Integrating renewable ener-
gy systems and locally sourced materials can strengthen
Nigeria's energy security and resilience, reducing depen-
dency on imported resources. Collaboration across gov-
ernmental, industrial, and academic sectors is essential
to overcome barriers such as financing constraints and
technical expertise gaps. In light of projections indicating
that future buildings in Nigeria may face extreme outdoor
temperature shifts [16], adherence to the research findings
reduces expenses for retrofitting future buildings. Early in-
corporation of sustainable measures can pre-empt costly
adjustments down the line.

Additionally, these practices enhance estate values for
buildings, as environmentally conscious designs and mate-
rials increasingly appeal to investors and occupants, align-
ing with the growing demand for sustainable and resilient
structures. In embracing sustainable building practices,
stakeholders can attract foreign investment, foster inno-

vation, and stimulate local industries. By conscientiously
evaluating the environmental performance of materials and
adopting sustainable practices, Nigeria can chart a path to-
ward economic prosperity, environmental stewardship, and
climate resilience.

5. CONCLUSION AND RECOMMENDATION

In an era marked by energy crises, practitioners in the
building industry face the daunting task of mitigating the
environmental impact of buildings, known as significant
contributors to global warming. Sadly, there is no one-size-
fits-all solution to address the energy challenges faced by
the industry. Ongoing studies cover a spectrum of sustain-
ability, from building fabrics and microenvironments to
renewable energy sources and building user control mea-
sures, all aimed at enhancing building energy efficiency,
especially in the tropics.

This research significantly contributes to the evolving
knowledge base on building sustainability, specifically by
exploring the environmental impact and indoor comfort
benefits of various cladding materials on a hypothetical
building in Nigeria's temperate dry climate. Foreseeing
substantial future investments by the government to en-
hance the building energy performance of the existing
housing stock, this paper provides an experiential back-
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ground for future research. It offers a comprehensive guide
for cladding selection in the region, particularly for ret-
rofit projects involving cement and plastered walls. Rec-
ognizing that a single criterion cannot decide the most
environmentally friendly cladding materials, this study
considered multiple factors, including energy user intensi-
ty (EUI), material and building embodied carbon, cooling
load, and thermal comfort.

Using a ranking system for 19 cladding materials se-
lected based on availability and feasibility in the region,
compared to the cement-sand plaster building, simulation
results reveal that only a few materials consistently reduce
the EUI, embodied carbon, cooling load, and overheating
hours of the building. In particular, gravel stone, particle
board, and lightweight metallic cladding panels are the
most energy-efficient in terms of energy consumed per
building area. Gravel stone's superior performance can
be attributed to its high thermal inertia, excellent heat
absorption and radiation characteristics, and natural in-
sulation properties. These properties allow gravel stone to
stabilize indoor temperatures, reducing energy consump-
tion and improving thermal comfort. On the other hand,
particle boards and lightweight metallic cladding panels
demonstrate energy efficiency and thermal comfort due
to their inherent insulation properties, which help regu-
late temperature fluctuations and minimize heat transfer
through the building envelope. Additionally, the reflective
properties of metallic panels contribute to lower solar heat
gain, further enhancing their performance in reducing
cooling loads and overheating hours.

Concerning cooling load, gravel stone, lightweight me-
tallic cladding panels, and flax shive resin-bonded board
require the least electricity for cooling. Furthermore, gravel
stone, lightweight metallic cladding panels, and plate glass
provide the best operative temperature for the building
annually. However, it is worth noting that these top-per-
forming cladding materials can be costly, all making the
list of expensive materials. Likewise, the simulations show
that metals increased building costs and contributed to an
increase in the building’s embodied carbon by up to 90%
compared to the test building with cement and plaster.

Significantly, gravel stone stands out as the most envi-
ronmentally friendly material, whether or not the build-
ing structure is insulated. Nonetheless, adding a polyure-
thane board insulator to the exterior of the cement-sand
plaster building shows promise for energy efficiency and
thermal comfort, calling for further investigations. The
insulating board might serve as an external fabric without
added cladding, reducing the building’s embodied carbon
and comparative costs.

One limitation of this study is its geographical specific-
ity to Abuja, Nigeria. Climate variations across different re-
gions of the country may affect the generalisability of find-
ings to locations with different climates. Nevertheless, the
outcomes of this investigation provide a valuable trajectory
for future researchers and building practitioners, emphasiz-
ing the need to look beyond the aesthetic and cost attributes
in selecting facade cladding materials.
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1. INTRODUCTION

ABSTRACT

Functionally graded materials (FGMs) are advanced materials designed to achieve specific
property gradients. The unique characteristic of these materials—variations in spatial dimen-
sions—allows for integrating the advantages of different materials within a single component,
where a combination of properties, such as mechanical strength, thermal resistance, and oth-
ers, is needed. This paper utilizes finite element analysis to examine the deflection and stress re-
sponses of FGM rectangular plates with different material gradient profiles. Various boundary
conditions, including clamped, simply supported, and free edges in different configurations,
are considered. The plates are subjected to uniformly distributed, sinusoidally distributed, and
concentrated loads. The study investigates the effects of boundary and loading conditions,
along with the impact of the material gradient, on the deflections and stress responses of FGM
rectangular plates. The results indicate variations in deflection and stress values for different
material gradients, under varying boundary and loading conditions.

Cite this article as: Noori, M., Bilgin, A., Diallo, H., Al Rousan, M. O., & Noori, A. R. (2024).
A study on the influence of material gradient index on bending and stress responses of FGM
rectangular plates using the Finite Element Method. J Sustain Const Mater Technol, 9(3),
239-254.

Torelli et al. [3] comprehensively analyzed Functionally
Graded Concrete (FGC), focusing on structural applica-

Functionally graded materials (FGMs) are advanced
composite materials with structural characteristics that pro-
vide customized mechanical, thermal, and chemical prop-
erties. The gradual variation in the composition or micro-
structure of these materials across spatial dimensions makes
it possible to manipulate their properties based on practical
needs [1]. Although FGMs have attracted significant atten-
tion owing to their potential applications in diverse engi-
neering fields, including structural, aerospace, automotive,
and biomedical engineering, future applications also de-
mand materials that are readily available at reasonable costs
and do not compromise environmental concerns [2].

*Corresponding author.
*E-mail address: masihullahnooril2@gmail.com

tions, design methods, and production procedures. Keep-
ing in mind that the industrial production of cement, the
critical constituent of concrete, accounts for approximately
5% of global human-made carbon emissions, they showed
through their results that material savings of up to 40%
are possible through the functional gradation of concrete.
In their sustainability analysis, Chan et al. [4] investigated
FGC made of recycled aggregates reinforced with fibers.
They concluded that a reduction in the total volume of steel
fibers, resulting from a decreased ratio of reinforced layer
height to total height, minimized the total embodied CO2
and cost of concrete.
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Sustaining energy demands for the current generation
can pose significant environmental challenges for upcom-
ing generations. Although progress in this field seems
gradual, it aligns with innovations in materials, equip-
ment, and environmental considerations [5]. The concept
of FGMs dates back to the late 20™ century, with initial
conceptualizations emerging during a space plane project
in Japan in the 1980s [6]. Advancements in material pro-
cessing techniques during the 1990s and early 2000s, such
as powder metallurgy and sol-gel methods, facilitated the
manufacturing of FGM structures with greater control
over material properties. Today, producing graded struc-
tures can be considered the next step in the development
of composite materials [7].

Academic researchers have conducted comprehensive
studies on the behavior of structural elements composed
of FGMs in different applications, illustrating their me-
chanical, thermal, and chemical responses. Chaabani et
al. [8] studied the buckling and post-buckling behavior
of porous FGM plates using High Order Continuation
based on the Asymptotic Numerical Method in conjunc-
tion with the Finite Element Method (FEM) to model the
nonlinear behavior of a Porous Functionally Graded Ma-
terial (PFGM) plate. Several plates with different porosity
distributions under various types of transverse loads were
analyzed, and they concluded that an increase in the po-
rosity coeflicient of PEGM plates causes more significant
deflections, thereby diminishing plate stiffness and reduc-
ing critical buckling loads.

Moita et al. [9] investigated higher-order finite ele-
ment models for the static linear and nonlinear response
of FGM plate-shell structures. Their study revealed that the
gradient index can determine the mechanical behavior of
FGM plates. They also highlighted the influence of high
temperatures on the predictability of these responses. Afza-
li et al. [10] conducted a study to investigate the thermal
buckling response of FGM plates with temperature-depen-
dent properties. Their findings revealed that using the ac-
tual temperature distribution instead of assumed ones can
lead to more precise results in thermal buckling analysis.
Kazemzadeh-Parsi et al. [11] analyzed the thermoelasticity
of FGMs using Proper Generalized Decomposition (PGD),
primarily focusing on material gradation in one, two, and
three directions. They reduced high-dimensional problems
to one-dimensional problems, contributing to the simplici-
ty of the solution and design procedure.

Kargarnovin et al. [12] investigated the thermal buck-
ling behavior of FGM rectangular plates using the Clas-
sical Plate Theory (CPT) and the Galerkin method. They
concluded that plate geometry and material properties can
influence the critical buckling temperature. Saad and Had-
ji [13] studied different parameters affecting the critical
buckling temperature of thick FGM plates. They presented
numerical results derived from thermal buckling analyses
on FGM plates subjected to uniform, linear, and non-lin-
ear thermal loading conditions. Using the four-variable
higher-order shear Deformation Theory (HSDT), they un-
derscored the validity of the proposed shear theory in re-

solving the buckling behavior of PFGM plates under varied
thermal loading conditions.

Slimani et al. [14] used the seemingly 3D refined HSDT
to investigate the static bending with two distinct types of
porosity dispersal in FGM plates. The results showed that
the E-FGM (exponential function) yielded larger deflection
values, normal stresses, and shear stresses than the P-FGM
(power-law function). Rebai et al. [15] investigated an ana-
lytical approach based on micromechanical models to ana-
lyze the static deflection behavior of sandwich FGM plates
subjected to thermal loads. A comparative outcome stated
that while various micromechanical models affect the de-
flection behavior, their overall impact on the deflection be-
havior is relatively small.

Hamza and Bouderba [16], using an efficient and
straightforward refined plate theory, analyzed the buckling
of FGM plates subjected to different load conditions. They
explored the effects of uniaxial and biaxial compression
loads, alongside simply supported boundary conditions,
on rectangular FGM plates. Their results confirmed that
the application of uniaxial and biaxial compressive loads,
coupled with transverse shear loading, stabilizes the shear
buckling phenomenon of FGM plates subjected to com-
bined shear and directional loading.

Hong [17] studied static bending and free vibration anal-
ysis of bidirectional FGM plates using FEM and third-order
shear deformation theory. He concluded that increased de-
formation and load intensity applied to the structure leads to
conflicts arising from linear and nonlinear problems. Talha
and Singh [18] conducted free vibration and static analysis of
square and rectangular FGM plates based on HSDT in con-
junction with FEM. A special modification was made to the
transverse displacement. An increase in frequency param-
eter was observed and confirmed, resulting from increased
plate aspect ratio and smaller side-to-thickness ratio.

Singh and Gupta [19] used HSDT to investigate the
effects of porosity integration and geometric flaws on the
vibrational frequency of sandwich functionally graded
material (SFGM) plates under both usual and unusual
boundary conditions. They found that due to a reduction
in metallic content, the non-dimensional frequency pa-
rameter (NDFP) decreases as the volume fraction index (n)
decreases from metal to ceramic, reducing the overall stiff-
ness of the SFGM plate. While HSDT can be more accurate
than the four-variable shear deformation theory (FVSDT),
FVSDT strikes a balance between accuracy and computa-
tional efficiency, making it suitable for various applications
involving moderate thicknesses and shear deformation ef-
fects. Alghanmi and Aljaghthami [20] utilized FVSDT to
investigate the effects of nonuniform heterogeneous param-
eters, aspect ratios, side-to-thickness ratios, and changing
porosities on the sandwich plates’ static bending behavior.
They found that higher porosity leads to greater deflections.
This may also be known as the elasticity modulus deterio-
ration resulting from excessive porosities, which causes the
plate’s bending stiffness to decline. Because the plate bend-
ing stiffness is reduced at greater side-to-thickness and low-
er aspect ratio, the center deflection is amplified even more.
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Nguyen et al. [21] investigated the buckling prop-
erties of variable thickness functionally graded porous
(FGP) plates with sinusoidal porosity distribution. They
achieved this by integrating ES-MITC3 with First Order
Shear Deformation Theory (FSDT). They discovered that
since the ES-MITCS3 is built on traditional triangular ele-
ments, meshing elements with complicated geometries is
simpler. The FGP plate rigidity decreases with a rise in the
power-law index, which lowers the critical load. Elkafrawy
et al. [22] investigated the elastic buckling of FGM thin
plates with circular, square, and diamond-shaped open-
ings using FEM. Their analysis revealed that enlarging the
opening and adjusting the aspect ratio reduced the critical
buckling load for the FGM plate.

Alashkar et al. [23] studied the buckling analysis of FGM
thin plates with various circular cutout arrangements using
FEM. They concluded that the critical buckling load in-
creases as the plate thickness decreases and the circular cut-
out diameter increases. In a separate study, they investigated
the elastic buckling characteristic of skew FGM thin plates
with a circular opening using FEM. They found that the crit-
ical buckling load also increases as the skew angle rises. Fur-
thermore, the critical buckling load declines as the opening
moves from the plate’s border toward its center [24].

Kumar et al. [25] presented the modified Radial Basis
Function (RBF)-based mesh-free method for the initial
buckling analysis of elastically supported rectangular FGM
plates subjected to various in-plane loading conditions. A
thin plate spline RBF method was implemented. They found
that the critical buckling load generally decreases as the as-
pect ratio increases for all loading arrangements. Shehab
et al. [26] investigated the free vibration analysis of intact
and cracked FGM plates using experimental and numerical
methods. The results showed that when the FGM gradient
index is less than 3, it significantly affects the plate’s natural
frequency, while higher gradient indexes have no signifi-
cant effect on both cracked and intact plates.

Hu et al. [27] proposed the Symplectic Superposition
Method (SSM) as an analytical method to solve the free
vibration problem of non-Lévy type porous FGM rectan-
gular plates. Their study highlighted that SSM doesn’t need
pre-defined solution forms, paving the way for obtaining
rapidly convergent frequency results with high accuracy.
Peng et al. [28] found that the fundamental frequency of
the stiffened FGM plates resting on the Winkler foundation
varies with variations in the power-law exponent. Lim et
al. [29] investigated a sophisticated, multilayered model-
ing approach, likely based on FEM, for the static analysis
of porous FGM cooling plates with cutouts. By considering
various conventional and unconventional boundary condi-
tions, they discovered that the location of clamped edges
significantly impacts the deflection, with a specific config-
uration (BC3) exhibiting the lowest deflection. Ramu and
Mohanty [30] coded an FGM plate program in MATLAB
to determine its natural frequencies and mode shapes using
FEM. It was observed that increasing the power-law index
value (n) reduced the first five natural frequencies under
various boundary conditions in their study.

In their study, Srivastava et al. [31] analyzed Radial Ba-
sis Functions (RBFs) with modified radial distance for the
vibration analysis of FGM rectangular plates using HSDT.
Their findings showed that increasing grading and porosity
indexes causes a decrease in normalized natural frequen-
cy. Kumar [32], in his free transverse vibration analysis of
a thin isotropic FG rectangular plate with porosity effects
based on CPT, concluded that the frequencies of isotropic
simply supported plates are proportional to those of mere-
ly supported homogeneous isotropic plates. Kumaravelan
[33], in his thesis, studied the axisymmetric bending of
FGM circular plates under uniformly distributed transverse
mechanical, thermal, and combined mechanical-thermal
loads using the Element Free Galerkin (EFG) method.
He concluded that adding a metal or ceramic plate to one
face of a tapered FGM plate decreases the induced stress-
es. Therefore, in cases where the FGM plate does not have
sufficient strength for a particular application, a metal or
ceramic plate can be bonded to the FGM plate.

Smaine et al. [34] investigated the volumetric propor-
tion of the FGM concept in the Fiber-Matrix mixing laws
in UD composites using the ABAQUS calculation code and
FEM. They noticed that the suggested graded composite ex-
hibited overcapacity of resistance as indicated by the grad-
ing index (n) or their locations. The fibers C1 and C2 con-
tributed to optimizing this capacity. Asemi and Salami [35]
extended a numerical approach for the low-velocity impact
analysis of rectangular FGM plates based on the 3D theory
of elasticity. They concluded that applying 3D-graded ele-
ments to analyze the plates eliminates the discontinuities
in the stress distribution that are present in conventional
FE results. Rani et al. [36] developed the Extended Finite
Element Method (XFEM) and the level set method for
modeling and analyzing stresses around rounded rectangu-
lar inclusions enclosed with an FGM layer. They demon-
strated that the FGM layer significantly reduces the stress
concentration and identified optimal FGM properties for
minimizing it.

Yildirim [37] investigated hydrogen-induced stresses in
FGM circular members using the two-dimensional theory
of elasticity. Through his simple and efficient procedure, he
concluded that radial stress is more affected by the material
model selection than hoop stress. Feri et al. [38] studied the
3D bending behavior of an intelligent plate consisting of a
viscoelastic FGM layer sandwiched between piezoelectric
layers under electric field and pressure. The analysis used a
state-space technique and Fourier series expansion to solve
the governing equations in the Laplace domain. Based on
the numerical results, it was demonstrated that the visco-
elastic properties strongly affect the bending behavior of
the FGM plate.

Bendenia et al. [39] studied the static and free vibration
behavior of nanocomposite sandwich plates reinforced with
carbon nanotubes. It was found that functionally graded
carbon nanotube face sheet-reinforced sandwich plates have
high resistance against deflections compared to other rein-
forcements. Several other structural elements, such as beams,
arches, columns, domes, etc., composed of functionally
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Figure 1. (a) FGM rectangular plate; (b) Cross section of FGM rectangular plate.

graded materials, have also been investigated by researchers,
shedding light on various behavioral aspects of FGMs in di-
verse applications [40-48]. Researchers have utilized a wide
range of analytical models to solve these problems.

Menasria et al. [49] ensured the zero-shear stress-
es at the free surfaces of functionally graded sandwich
plates without introducing any correction factor by pro-
posing a refined shear deformation theory with fewer
unknowns. Through verification studies, Rabhi et al.
[50] confirmed that their three-unknown shear defor-
mation theory is comparable with other higher-order
shear deformation theories in solving problems related
to the buckling and vibration responses of exponentially
graded sandwich plates.

Matouk et al. [51] investigated the free vibration re-
sponses of functionally graded nano-beams using integral
Timoshenko beam theory. Their model has three variable
unknowns and requires the introduction of a shear cor-
rection factor due to uniformly varied shear stress in the
thickness direction. In finite element analysis, mesh density
is an essential concept that closely relates to the accuracy
of finite element models while directly determining their
complexity level.

Hassan and Kurgan [52] modeled and analyzed the
buckling of rectangular plates using the ANSYS software
package, emphasizing selecting an appropriate number of
elements in FEM. A large number of elements leads to more
computational time without a significant gain in accuracy,
while too few elements can produce incorrect solutions.
Extensive research studies have been conducted to explore
the impact of mesh refinement in both static and dynamic
analyses. A consensus is present among all the conducted
studies that the fineness of the mesh can significantly influ-
ence the obtained results [53, 54].

This paper analyzes FGM plates with various material
gradients in the thickness direction using the finite element
package program ANSYS Mechanical APDL [55]. The ef-
fects of material gradients, boundary conditions, and load
types on the deflection and stress responses of FGM plates
are investigated. The study aims to illustrate how increasing
the power-law index, which introduces more steel constitu-
ents into the mix, can affect the bending and stress respons-
es of FGM plates. Additionally, the influence of constraints

at the edges of the plates on bending and stress formation
within the FGM plates is studied. A convergence study also
discusses the optimal number of layers and mesh density
for discretizing these plates.

2. MATERIALS AND METHODS

In this paper, an FGM rectangular plate, as shown in
Figure 1, with various types of boundary conditions sub-
jected to three distinct load forms, is studied using the
FEM. For this study, the dimensions of the rectangular plate
were arbitrarily selected without any specific rationale. The
length and width of the plate are considered to be 10 and 6
meters with a thickness (h) of 20 centimeters. The Cartesian
coordinate system Oxyz, where O is the origin of the coor-
dinate system, is located at the left corner of the mid-plane
of the plate, in which x, y, and z are the planer in-plane and
vertical out-of-plane coordinates, respectively. Functionally
gradation of materials in the thickness direction of the plate
is shown in Figure 1.

Young's modulus of elasticity E is assumed to be a func-
tion of spatial coordinate z in the thickness direction and
can vary linearly or non-linearly. Thus, the material proper-
ties of the FGM plate can be obtained by the rule of mixture
as follows [56]:

V4V =1 (1)

E(z)=EV+E,V =(E-E,) V+E, )

V.and V _arevolume fractions,and E_and E, are Young's
modulus of elasticity for the FGM ceramic and metal com-
ponents, respectively. The volume fraction of ceramic as a
function of the thickness z coordinate can be determined by
a power-law function [56]:

vo=(+2)" nzo0 3)

Where z is the dimensionless coordinate in the thick-
ness direction, & is the total thickness of the plate, and
n is the power-law index, which indicates the material
variation profile in the thickness direction. At the top ce-
ramic-rich layer (z=h/2), n=0 leads Eq. 2 to E(z)=E, and
at the bottom metal-rich layer (z=-h/2), n=co leads Eq.
2 to E(z)=E,. Delale and Erdogan investigated the effect
of Poisson's ratio on the deformation of plates [57]. They
concluded that Poisson's ratio had a much lower impact
on deformation than Young's modulus. Thus, the Pois-
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Table 1. Material properties

Material Young's modulus Poisson
(GPa) ratio

Ceramic - Alumina (ALO,) 380 0.3

Steel 200 0.3

son's ratio of the plate is assumed to be constant. Alumina
and steel are considered ceramic and metal materials in
this study, and their properties are presented in Table 1.
Variations of Young's modulus of elasticity in the thick-
ness direction of the plate for different power-law indexes
(n) are shown in Figure 2.

The plates were analyzed using the finite element
package program ANSYS Mechanical APDL, and a 3D
element SHELL281 [58] was selected for discretization.
SHELL281 is appropriate for the analysis of thin to mod-
erately thick shell structures. This element is based on
first-order shear deformation theory, which governs the
accuracy of modeling composite or sandwich structures.
It is also well-suited for linear applications involving large
rotations and/or strain nonlinearities. This finite element
has eight nodes, each with six degrees of freedom: transla-
tions along the x, y;, and z axes and rotations around the x,
y, and z axes. The geometric configuration of SHELL281
is shown in Figure 3.

Shape functions of 3D 8-node SHELL281 element are
presented through Egs. (4-9) [58].

u= %{u,(l =) (A-(-s—t-D+uy(1+s)A - -t -1 +u(1+s5)(1+1¢)
GHt-DH+uA-9)A+0s+0-1)) + 2w, (1 -5 - 1)

+uy(1+5)(1 -t +u,(1— 531+ ) +up(1—s)(1 —t%)) ()

v= %(v,(l —)A-t)(=s —t =D+ +)A—)(s —t — 1) + v (1 + )A +1)
G+t—1D+v,(1—-)A+)(-s+t— 1)) +3 (@ —sDA - +vy(1+5)
1=t +v,(1-sDA+1t) +vp(1—5)(1 —t?)) 5)

w= %(w,(l =) A-t)(—s—-t—-D+w@+5)A-)(E—t -1 +we(1+5)
A+ +t= D +w (=)L + (s +t = 1))+ (wy(1-57)
A-+wy@+5)A—tD+we(1—sDA+ ) +wp(1—5)(1—t2) 6)

6 =2(04 (1= A= D5~ t = D + 0, A+ )A- G~ — 1) + 0, (1+5)
A+DG+t-D+6,1—s)A+)(-s+t— 1))+§(9xM(1 —s)(1-t)+6,,

A+ =) +6,,(1 = (L +1) +6,(1 - )(1 - t?)) ™

6, = %(eylu —)A-(s—t =D +6, 1 +)A- ) —t=1)+6,, (1+5)
A+6+t-1D+6, 1-)(1+ (-5 +t- 1)) +§(9yM(1 -s)A -0+

ayN A+s)Q-t)+ ayD(l —-s)(A+t)+ eyp(l -s)1 - tz)) ®

6, =1(0,(1 - DA - (-5~ t =D+ 6, +)A - s~ t = 1 + 6, (1 +5)
A+0G+t=D+6,A-)A+ D=5+t = D) +2 (0, (1 =)A= + 6y,
A+ 91 =) +6,,(1 =5+ 1) +6,,(1 - H(1 — £2)) ©)

Where u, v, and w are displacement components, 6,, 6,
and 6_are rotation components in x, y, and z directions,
respectively, and s and t are local coordinates within the
finite element.
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Figure 2. Young's modulus of elasticity in the thickness di-
rection for different values of n.

Figure 3. SHELL281 geometry [58].

2.1. Convergence Study

A convergence study was conducted to model the FGM
plates in ANSYS Mechanical APDL and determine the ap-
propriate number of layers and mesh size for discretiza-
tion. Singha et al. [56] used a high-precision plate bending
element based on first-order shear deformation theory to
analyze the deflection and stresses of FGM plates under
distributed transverse load. In their study, the formula-
tion realistically accounted for the neutral surface position
and the shear correction factors. Different boundary con-
ditions with uniformly and lateral sinusoidal distributed
loads were examined. For this study, only the results ob-
tained in their research for the non-dimensional central
displacement of clamped thin square alumina/aluminum
FGM plates with power law indexes 0, 1, 2, 3, 4, 5, 10, and
oo under uniformly distributed load were selected and
compared with the results of the present study. The results
of the present study and their study exhibit substantial
agreement, affirming the reliability of the findings and val-
idating the methodology used in this research. Compar-
isons of non-dimensional central displacement values of
FGM plates with varying numbers of layers and mesh sizes
are tabulated in Table 2 and Table 3, respectively.

As presented in Table 2, one layer is qualifying enough
to obtain reliable results in the case of isotropic homoge-
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Table 2. Non-dimensional central displacement of FGM plates with varying number of layers

Number of layers Power-law index (n)
0 1 2 3 4 5 10 o
1 0.001267 - - - - - - 0.006890
11 - 0.002638 0.003229 0.003480 0.003584 0.003654 0.003828 -
21 - 0.002589 0.003243 0.003515 0.003654 0.003758 0.004002 -
31 - 0.002575 0.003250 0.003549 0.003689 0.003793 0.004071 -
41 - 0.002565 0.003250 0.003549 0.003689 0.003793 0.004106 -
51 - 0.002561 0.003254 0.003549 0.003723 0.003793 0.004141 -
61 - 0.002558 0.003254 0.003549 0.003723 0.003828 0.004141 -
71 - 0.002558 0.003254 0.003549 0.003723 0.003828 0.004176 -
81 - 0.002554 0.003257 0.003584 0.003723 0.003828 0.004176 -
91 - 0.002554 0.003257 0.003584 0.003723 0.003828 0.004176 -
101 - 0.002551 0.003257 0.003584 0.003723 0.003828 0.004176 -
201 - 0.002547 0.003257 0.003584 0.003723 0.003828 0.004211 -
Singha et al. [56] 0.001267 0.002542 0.003258 0.003580 0.003746 0.003854 0.004233 0.006881

Table 3. Non-dimensional central displacement of FGM plates with different mesh sizes

Power-law index (n) Mesh sizes Singha et al. [56]
5x5 10x 10 20x20 30x30 40 x40 50 x50

0 0.000936 0.001267 0.001267 0.001267 0.001267 0.001267 0.001267

1 0.001837 0.002544 0.002547 0.002547 0.002547 0.002547 0.002542

2 0.002380 0.003250 0.003257 0.003257 0.003257 0.003257 0.003258

3 0.002666 0.003584 0.003584 0.003584 0.003584 0.003584 0.003580

4 0.002822 0.003723 0.003723 0.003723 0.003723 0.003723 0.003746

5 0.002930 0.003828 0.003828 0.003828 0.003828 0.003828 0.003854

10 0.003243 0.004211 0.004211 0.004211 0.004211 0.004211 0.004233

oo 0.005081 0.006855 0.006890 0.006890 0.006890 0.006890 0.006881

Table 4. Transitional and rotational restraints of supports

Type of support Restraints

Clamped (C) Ux = Uy = Uz = Rotx = Roty = Rotz = 0

Simply supported (S) Atx=0and 10,Uy=Uz=0,Aty=0and 6, Ux=Uz=0

Free (F) -

neous thin plates. In the FGM plates, the results converged
as the number of layers in the thickness direction was in-
creased. No significant change was observed in non-di-
mensional central displacement values of FGM plates
after adding more than 201 layers. In Table 3, the values
of non-dimensional central displacements for all plates
were the same for finer meshes after 20 x 20. Although
the non-dimensional central displacements of an isotropic
homogeneous ceramic plate are the same after a 10 x 10
mesh size, in the case of an isotropic homogeneous metal
plate, the results converged after a 20 x 20 mesh size. These
findings suggest the sufficiency of 201 layers and 20 x 20
mesh size in solving thin to moderately thick FGM plates,
yielding acceptable results while minimizing computa-
tional time. They also indicate a high degree of consisten-

cy and validation across both studies. The modeling and
analyzing procedure of the present study is shown through
a flowchart in Figure 4.

3. RESULTS AND DISCUSSION

This paper investigates deflections and stress responses
of FGM plates with different boundary conditions subject-
ed to three types of loads. All FGM plates have 201 layers in
the thickness direction, with each layer having its distinct
material properties calculated by using Eq. 2. The variations
of these material properties are based on the considered
power-law indexes (0, 0.1, 0.25, 0.5, 0.75, 1, 2, 5, 10, 15, and
20). A mesh size of 20 x 20 is used for discretization. Seven
different boundary conditions are taken into account. The
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Figure 5. Meshed FGM rectangular plates with (a) CCCC and (b) CCFF boundary conditions.

transitional and rotational restraints of the supports are
presented in Table 4. The configuration of the boundary
conditions is such that from the left side, the first two letters
represent the bottom and top, and the last two letters rep-
resent the left and right edges of the plate. Figure 5 shows
meshed FGM rectangular plates with CCCC and CCFF
boundary conditions.

10 FGM plates with distinct material properties are
modeled and analyzed with seven boundary conditions
and three different load types. A concentrated point load
is assigned at the center point of the top ceramic-rich face.
Uniformly and sinusoidal distributed loads were assigned
on the top ceramic-rich face of the plate. The function of
sinusoidal load is presented in Eq. 10.

P = p, sin (%) sin (?)

Where P is the sinusoidal load, a and b represent the
length and width of the plate, respectively, and p, The mag-
nitude of uniformly distributed load is assumed to be 10
kN per square meter. It is worth mentioning that there is

(10)

no specific reason for assigning this magnitude of load on
the plate, and it is selected completely arbitrarily for this
study. Maximum deflections of different FGM plates under
uniformly distributed load, sinusoidal distributed load, and
concentrated point loads with various boundary conditions
are obtained and tabulated in Tables 5-7 and are compared
in Figures 6-8, respectively. The results corresponding to the
isotropic homogeneous ceramic and metal plates are includ-
ed only in the tables to provide a wider scope of comparison.

As is evident from Figures 6-8, the smallest deflections
were obtained in the case of sinusoidal and uniformly dis-
tributed loads, respectively, while the highest deflections
were observed when the plates were subjected to concen-
trated point load. This is a result of the nature of the load-
ing. Sinusoidal load varies smoothly and gradually across
the plate, peaking at the center and reducing towards the
edges in an illustrative manner, which paves the way for a
more evenly spread out of stress and strain over the surface
of the plate. This smooth distribution causes minimum local
stress concentration and deflection. Uniformly distributed
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Table 5. Maximum deflections (m) of isotropic homogeneous and FGM rectangular plates under uniformly distributed load

Power-law index (n) Boundary conditions
CCCC SSSS CCSS CSCS CCCF SSSF CCFF

0 0.000112 0.000412 0.000121 0.000206 0.000139 0.000702 0.000139
0.1 0.000119 0.000439 0.000128 0.000220 0.000148 0.000747 0.000148
0.25 0.000127 0.000469 0.000137 0.000235 0.000159 0.000800 0.000158
0.5 0.000138 0.000509 0.000149 0.000255 0.000172 0.000868 0.000172
0.75 0.000145 0.000538 0.000157 0.000269 0.000182 0.000916 0.000181
1 0.000151 0.000558 0.000163 0.000279 0.000188 0.000950 0.000188
2 0.000162 0.000598 0.000175 0.000300 0.000202 0.001019 0.000202
5 0.000173 0.000638 0.000187 0.000320 0.000216 0.001086 0.000215
10 0.000182 0.000672 0.000197 0.000337 0.000227 0.001144 0.000226
15 0.000188 0.000693 0.000203 0.000347 0.000234 0.001180 0.000234
20 0.000192 0.000708 0.000207 0.000354 0.000239 0.001205 0.000238
oo 0.000212 0.000783 0.000229 0.000392 0.000265 0.001333 0.000264

Table 6. Maximum deflections (m) of isotropic homogeneous and FGM rectangular plates under sinusoidal distributed load

Power-law index (n) Boundary conditions
CCCC SSSS CCSS CSCS CCCF SSSF CCFF

0 0.0000819 0.000263 0.0000863 0.000139 0.0000844 0.000306 0.0000867
0.1 0.0000872 0.000280 0.0000919 0.000148 0.0000899 0.000326 0.0000923
0.25 0.0000934 0.000299 0.0000983 0.000158 0.0000962 0.000349 0.0000988
0.5 0.0001010 0.000325 0.0001070 0.000171 0.0001040 0.000379 0.0001070
0.75 0.0001070 0.000343 0.0001130 0.000181 0.0001100 0.000400 0.0001130
1 0.0001110 0.000355 0.0001170 0.000188 0.0001140 0.000415 0.0001170
2 0.0001190 0.000381 0.0001250 0.000201 0.0001230 0.000445 0.0001260
5 0.0001270 0.000406 0.0001340 0.000215 0.0001310 0.000474 0.0001340
10 0.0001340 0.000428 0.0001410 0.000226 0.0001380 0.000499 0.0001410
15 0.0001380 0.000442 0.0001450 0.000233 0.0001420 0.000515 0.0001460
20 0.0001410 0.000451 0.0001480 0.000238 0.0001450 0.000526 0.0001490
oo 0.0001560 0.000499 0.0001640 0.000264 0.0001600 0.000582 0.0001650

Table 7. Maximum deflections (m) of isotropic homogeneous and FGM rectangular plates under concentrated point load

Power-law index (n) Boundary conditions
CCcC SSSS CCSS CSCS CCCF SSSF CCFF

0 0.000576 0.001269 0.000585 0.000787 0.000581 0.001347 0.000585
0.1 0.000613 0.001351 0.000662 0.000838 0.000618 0.001434 0.000623
0.25 0.000656 0.001445 0.000666 0.000896 0.000661 0.001534 0.000666
0.5 0.000712 0.001568 0.000722 0.000972 0.000717 0.001665 0.000723
0.75 0.000751 0.001655 0.000762 0.001026 0.000757 0.001757 0.000763
1 0.000779 0.001717 0.000791 0.001065 0.000786 0.001823 0.000792
2 0.000838 0.001844 0.000850 0.001144 0.000844 0.001957 0.000851
5 0.000895 0.001967 0.000908 0.001221 0.000902 0.002087 0.000909
10 0.000943 0.002072 0.000957 0.001286 0.000950 0.002198 0.000957
15 0.000972 0.002137 0.000987 0.001326 0.000980 0.002266 0.000987
20 0.000992 0.002181 0.001007 0.001353 0.001000 0.002314 0.001007

oo 0.001095 0.002411 0.001112 0.001495 0.001104 0.002559 0.001112
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Figure 6. Maximum deflections of FGM rectangular plates
under uniformly distributed load.

Figure 9. Maximum 1* principle stresses of FGM rectangu-
lar plates under uniformly distributed load.
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Figure 10. Maximum 1* principle stresses of FGM rectan-
gular plates under sinusoidal distributed load.

E

E

c

-2 —=—CCCC
g —e—SSSS
5 —A— CCSS
£ —e— CSCS
g | —— CCCF
b —— SSSF
= CCFF

6 8 10 12 14 16 18 20

Power-law index ()

.45

<

[

2

Z 40

(]

&

g —=—CCCC
= —e—SSSS
£ —A—(CCSS
230 —e— CSCS
= —e—CCCF
E s —+— SSSF
g CCFF
5+

2 20 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20

Power-law index (n)

Figure 8. Maximum deflections of FGM rectangular plates
under concentrated point load.

load resulted in slightly higher deflections due to the con-
stant magnitude over the entire face of the plate. Point Load,
on the other hand, exhibited the highest deflections in FGM
plates due to high-stress concentration at the point of appli-
cation. The effect of boundary conditions on the deflection

Figure 11. Maximum 1* principle stresses of FGM rectan-
gular plates under concentrated point load.

values of the FGM plates can be observed, too. In all three
cases, SSSE, SSSS, and CSCS-type boundary conditions re-
sulted in higher deflections than the others. Plates with SSSF
boundary conditions have higher deflections because the
free edge allows maximum movement, and simply support-
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Table 8. Maximum 1* principle stresses (MPa) of isotropic homogeneous and FGM rectangular plates under uniformly distributed load

Power-law index (n) Boundary conditions
CCCC SSSS CCSS CSCS CCCF SSSF CCFF

0 4.27 491 4.50 5.98 4.94 7.01 4.92
0.1 4.44 3.56 4.68 6.22 5.14 4.02 513
0.25 4.64 3.71 4.89 6.49 5.37 4.40 5.35
0.5 4.88 391 5.15 6.83 5.67 491 5.64
0.75 5.06 4.04 5.33 7.07 5.85 5.26 5.83
1 5.18 4.14 5.46 7.25 6.00 5.51 5.98
2 5.48 437 5.78 7.67 6.33 5.97 6.31
5 5.98 4.75 6.30 8.36 6.89 6.24 6.87
10 6.51 5.18 6.86 9.10 7.50 6.39 7.48
15 6.83 5.44 7.20 9.56 7.88 6.50 7.86
20 7.04 5.62 7.42 9.85 8.13 6.57 8.10
oo 4.27 491 4.50 5.98 4.94 7.01 4.92

Table 9. Maximum 1% principle stresses (MPa) of isotropic homogeneous and FGM rectangular plates under sinusoidal distributed load

Power-law index (n) Boundary conditions
CCcCC SSSS CCSS CSCS CCCF SSSF CCFF

0 2.92 3.32 3.03 3.92 2.97 3.70 3.02
0.1 3.03 1.97 3.15 4.08 3.09 2.12 3.14
0.25 3.17 2.08 3.29 4.25 3.22 2.32 3.28
0.5 3.33 2.32 3.46 448 3.39 2.59 345
0.75 3.45 2.49 3.58 4.64 3.51 2.78 3.57
1 3.54 2.61 3.67 4.75 3.60 291 3.66
2 3.74 2.83 3.89 5.03 3.81 3.15 3.87
5 4.08 2.95 4.24 5.48 4.15 3.29 4.22
10 4.44 3.03 4.61 5.97 4.52 3.37 4.60
15 4.66 3.08 4.84 6.27 4.74 343 4.82
20 4.81 3.11 4.99 6.46 4.89 347 4.97
o 2.92 3.32 3.03 3.92 2.97 3.70 3.02

ed edges allow rotation, contributing to more considerable
deflections than the clamped conditions. The effect of free
edge in maximizing the deflections is more evident when
the results are compared with SSSS boundary condition.

The smallest maximum deflection values are obtained
in the case of CCCC. They are very close to results ob-
tained from CCSS, CCCF, and CCFEF, which indicates the
effect of clamped boundary conditions in minimizing the
deflections in FGM plates. In the case of CSCS, although
it also has two clamped and two simply supported edges
like CCSS, the positions of the clamped edges can affect
the deflection values. In CSCS, the two clamped edges are
adjacent, while in CCSS, the clamped edges are opposed.
It is also worth mentioning that in CCSS boundary condi-
tions, one of the clamped edges is longer than the clamped
edges in CSCS, which makes the plate more constrained,
decreasing deflections. Maximum 1* principle stresses of
FGM plates are presented similarly in Tables 8-10 and are
compared in Figures 9-11.

As can be observed in Figures 9-11, FGM plates with SSSS
boundary conditions have the lowest values of maximum I*
principle stress under both distributed loads. In contrast, the
case of concentrated point load has the highest values after
SSSE This is because of the localized nature of the point load,
which adds steepness to the trends in lower values of n and
causes an overall increase in stress values compared to both
distributed loads. Results corresponding to CCCF and CCFF
boundary conditions are very close to each other in the case
of uniformly distributed and concentrated point loads. By
observing all three figures, it is apparent that the trends of
stress values for CCCC, CCSS, CCCEF, and CCFF boundary
conditions converged as the load type changed from uni-
formly to sinusoidal distributed load and then to concentrat-
ed point load. This indicates that the two clamped edges take
most of the stress. CSCS boundary condition exhibited the
highest results of 1% principle stress in the plates under both
distributed loads but had lower stress values than SSSF and
SSSS in the case of concentrated point load.



J Sustain Const Mater Technol, Vol. 9, Issue. 3, pp. 239-254, September 2024 249

Table 10. Maximum 1* principle stresses (MPa) of isotropic homogeneous and FGM rectangular plates under concentrated point load

Power-law index (n) Boundary conditions
CCCC SSSS CCSS CSCS CCCF SSSF CCFF

0 37.5 43.5 37.6 39.3 37.5 44.2 37.6
0.1 21.5 25.0 21.5 22.5 21.5 254 21.6
0.25 23.5 27.4 23.6 24.7 23.6 27.8 23.6
0.5 26.2 30.5 26.3 27.5 26.3 31.0 26.3
0.75 28.1 32.7 28.2 29.5 28.2 33.2 28.2
1 29.5 343 29.6 30.9 29.5 34.8 29.6
2 31.9 37.1 32.0 33.5 32.0 37.7 32.0
5 333 38.8 334 35.0 334 39.4 334
10 342 39.7 343 35.9 34.2 40.3 343
15 34.8 40.4 349 36.5 34.8 41.0 349
20 35.2 40.9 353 36.9 35.2 41.5 353
oo 37.5 43.5 37.6 39.3 37.5 44.2 37.6

Table 11. Maximum Von Mises stresses (MPa) of isotropic homogeneous and FGM rectangular plates under uniformly distributed load

Power-law index (n) Boundary conditions
CCCC SSSS CCSS CSCS CCCF SSSF CCFF

0 3.80 6.51 4.00 531 4.39 7.02 4.37
0.1 3.95 6.78 4.16 553 4.57 7.30 4.55
0.25 4.12 7.08 4.34 5.77 4.77 7.62 4.75
0.5 4.34 7.45 4.57 6.07 5.02 8.03 5.01
0.75 4.49 7.71 4.74 6.29 5.20 8.31 5.18
1 4.61 7.90 4.85 6.44 533 8.52 531
2 4.87 8.34 5.13 6.81 5.63 9.01 5.61
5 5.31 9.08 5.60 7.43 6.12 9.83 6.11
10 5.78 9.89 6.10 8.09 6.67 10.7 6.65
15 6.07 10.4 6.40 8.49 7.00 11.2 6.98
20 6.26 10.7 6.60 8.76 7.22 11.6 7.20
oo 3.80 6.51 4.00 531 439 7.02 4.37

Table 12. Maximum Von Mises stresses (MPa) of isotropic homogeneous and FGM rectangular plates under sinusoidal distributed load

Power-law index (n) Boundary conditions
CCcCC SSSS CCSS CSCS CCCF SSSF CCFF

0 2.59 3.44 2.69 3.48 2.64 3.59 2.68
0.1 2.70 3.58 2.80 3.62 2.47 3.74 2.79
0.25 2.81 3.74 2.92 3.78 2.86 3.90 291
0.5 2.96 3.94 3.08 3.98 3.01 4.11 3.07
0.75 3.07 4.08 3.19 4.12 3.12 4.26 3.17
1 3.14 4.18 3.27 4.22 3.20 4.36 3.25
2 3.33 4.41 3.45 4.47 3.38 4.60 3.44
5 3.63 4.80 3.77 4.87 3.69 5.01 3.75
10 3.95 5.23 4.10 5.30 4.02 5.45 4.08
15 4.14 5.49 4.30 5.57 4.22 5.73 4.29
20 4.27 5.66 4.44 5.74 4.35 591 4.42

oo 2.59 3.44 2.69 3.48 2.64 3.59 2.68
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Figure 12. 1% Principle stresses in FGM rectangular plates with (a) CCCC and (b) CCFF boundary conditions.

Table 13. Maximum Von Mises stresses (MPa) of isotropic homogeneous and FGM rectangular plates under concentrated point load

Power-law index (n) Boundary conditions
CCcCC SSSS CCSS CSCS CCCF SSSF CCFF
0 35.6 41.1 35.6 37.3 35.6 414 35.6
0.1 37.0 42.8 37.0 38.8 37.0 43.1 37.0
0.25 38.6 44.6 38.7 40.5 38.6 449 38.7
0.5 40.7 47.0 40.7 42.7 40.7 47.3 40.7
0.75 42.1 48.7 422 442 42.1 49.0 42.1
1 43.2 49.9 432 453 43.2 50.2 432
2 45.7 52.8 45.7 47.9 45.7 53.2 45.7
5 49.8 57.6 49.9 52.3 49.8 58.0 49.9
10 54.2 62.7 54.3 56.9 54.2 63.1 54.3
15 56.9 65.8 57.0 59.7 56.9 66.2 56.9
20 58.7 67.8 58.7 61.5 58.7 68.3 58.7
oo 35.6 41.1 35.6 37.3 35.6 414 35.6
Moreover, the trends show an increase in stress values
for all boundary conditions as the power-law index increas- 5
es. This is a result of the transition of materials from alumi- =
na to steel, affecting the stiffness of the plate. At higher val- 2
ues of n, the ductile nature of steel decreases the steepness E —m— CCCC
of the trends. Figure 12 shows the formation of 1* principle 2 —e— SSSS
stresses in the FGM plates (n=1) subjected to uniformly dis- = { ——CCSS
tributed load with CCCC and CCFF boundary conditions. § ——CSCS
Maximum Von Mises stresses of the FGM rectangu- E :gggl':
lar plates with different boundary conditions for all three g
. % CCFF
types of loads are tabulated in Tables 11-13 and are com- Z
pared in Figures 13-15. 3
As can be seen in Figures 10-12, FGM plates with SSSF gz 4 8 8 102 1% IG 1S 20
and SSSS boundary conditions have higher maximum Power-law index (n)

Von Mises stress values under all types of loads compared
to other boundary conditions, except plates subjected to
sinusoidal distributed load, where stress values of CSCS
boundary condition surpassed those of SSSS. In the case of
CCCF and CCFF when the plates are subjected to uniform-
ly distributed load, there is a very small difference in stress
values, and their trends are nearly coincident. Under sinu-

Figure 13. Maximum Von Mises stresses of FGM rectangu-
lar plates under uniformly distributed load.

soidal distributed load, these trends diverged enough to be
observed. The maximum Von Mises stress values for FGM
plates subjected to concentrate point load with CCCC,
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Figure 14. Maximum Von Mises stresses of FGM rectangu-
lar plates under sinusoidal distributed load.

Figure 15. Maximum Von Mises stresses of FGM rectangu-
lar plates under concentrated point load.
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Figure 16. Von Mises stresses in FGM rectangular plates; (a) Subjected to uniformly distributed load with CCCF bound-
ary condition (b) Subjected to concentrated point load with CCCC boundary condition.

CCSS, CCCE and CCFF are very close and have small dif-
ferences that can be neglected. The common factor between
these four boundary conditions is the presence of clamped
supports at the two long edges of the plate. CSCS boundary
conditions also have two clamped edges, but one of them is
the short edge of the plate, resulting in higher stress values
than others. This indicates the clamped boundary condi-
tion's significance and position around the plate. In the case
of point load, the maximum Von Mises stress values corre-
sponding to SSSF and SSSS were very close at small values
of n, but the trends diverged smoothly at greater values of n.
Across all load types, the power-law index n influenced the
maximum Von Mises stress values similarly, with an initial
increase due to higher deflections from introducing steel-
like properties. At higher n values, the rate of increase in
stress values decreased as the plate gained more ductility
due to the high content of steel in the composition. Fig-
ure 16 shows the formation of Von Mises stresses in FGM
rectangular plates (n=1) subjected to uniformly distribut-
ed load with CCCF boundary condition and concentrated
point load with CCCC boundary condition.

4. CONCLUSIONS

This paper investigates the effect of the material proper-
ty gradient on the deflection and stress responses of FGM
plates with various boundary conditions, subjected to three
different types of loads, using the finite element method.
Ten FGM plates, whose top and bottom layers are composed
of alumina and steel, respectively, have intermediate layers
with material properties varying based on the power-law
indexes considered in this study. After obtaining numeri-
cal results from ANSYS Mechanical APDL and comparing
them, the following conclusions can be drawn:

o The number of layers and mesh size significantly influ-
ence the actual behavior of FGM plates. While an in-
crease in the number of layers and mesh size leads to
more precise and accurate numerical results, no signif-
icant change in results was observed when the number
of layers increased from 101 to 201 or when the mesh
size was refined beyond 20 x 20.

« The type of load plays a crucial role in determining the
deflections and stress formation within the FGM plates.
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A sinusoidally distributed load resulted in the least de-
flections and stress values compared to uniformly dis-
tributed and concentrated point loads.

« Boundary conditions have a significant impact on de-
flections in FGM plates. Under all types of loads, plates
with CCCC (all clamped) boundary conditions exhibit-
ed the least maximum deflection, while plates with SSSF
(three simply supported, one free) boundary conditions
showed the highest maximum deflection.

o The highest values of maximum first principal stress
were observed in plates with CSCS (clamped-simply
supported-clamped-simply supported) boundary condi-
tions when subjected to distributed loads. These highest
values shifted to plates with SSSF boundary conditions
under concentrated point loads. In the case of distrib-
uted loads, the lowest stress was recorded in plates with
SSSS (all simply supported) boundary conditions, while
the lowest values under concentrated point loads were
seen in plates with CCCC boundary conditions.

« For all types of loads, the highest maximum von Mises
stress values in all FGM plates were recorded under SSSF
boundary conditions. The lowest maximum von Mises
stress values were observed in plates with CCCC boundary
conditions when subjected to uniformly distributed and
concentrated point loads. Under sinusoidal distributed
loads, the lowest stress value was observed in plates with
CCCEF (three clamped, one free) boundary conditions.

« The positioning of clamped edges greatly influences the
deflections and stress formation within FGM plates.

« Generally, increasing the steel content in the compo-
sition of the plates, thereby increasing the power-law
index (n), resulted in higher deflections and maximum
first principal and von Mises stresses in all the plates.

 Atsmaller values of n, the rate of increase in deflections,
maximum first principal stress, and von Mises stress is
higher than at larger values of n, where the plates exhibit
more steel-like properties.

The results of this study are in strong agreement with
the existing literature consensus, emphasizing the impact
of the material gradient index and boundary conditions on
the bending and stress responses of FGM plates.
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1. INTRODUCTION

ABSTRACT

The world's largest boron deposits are in Tiirkiye, Russia, and the U.S.A. Tiirkiye holds about
73% of the world's reserves of oil. The tincal mineral accounts for approximately 25.3% of Tiir-
kiye's boron reserves. Annually, around 900,000 tons of boron-derived waste are produced to
obtain 1 million tons of borax pentahydrate from the tincal mine. This waste is stored in pools,
causing considerable environmental issues. This study investigates the potential use of tincal
waste, an environmental problem, in cement and concrete applications. Tincal waste (T.W.)
was utilized to produce geopolymer mortar. Geopolymer samples were created by replacing
ground blast furnace slag (G.B.ES.) with 10%, 20%, 30%, and 40% tincal waste (T.W.) by weight.
The mixture samples were cured at room temperature and 60 °C. After curing, the samples
were exposed to high temperatures of 200 °C, 400 °C, and 600 °C. The samples' unit weight,
compressive strength, ultrasonic pulse velocity (U.P.V.), and mass loss values were measured.
A mathematical model was also developed to describe the relationship between compressive
strength and U.P.V. before and after high temperatures. The samples underwent Fourier Trans-
form Infrared Spectroscopy (FTIR) microstructural analysis. The results showed that using up
to 20% T.W. enhanced the properties of the samples before and after high-temperature expo-
sure. A strong correlation was found between compressive strength and U.P.V. These findings
suggest that T.W. has potential as a novel material for use in geopolymer technology.

Cite this article as: Celik, Z., Turan, E., & Oltulu, M. (2024). High temperature performance of
geopolymer: Contribution of boron tincal waste. J Sustain Const Mater Technol, 9(3), 255-267.

forts to reduce the CO, load on the planet by producing
environmentally responsible concrete, using additional

Global warming and climate change are recognized
worldwide as significant environmental problems of our
time [1]. CO, emissions are among the most important
reasons for this situation. Literature studies report that an
essential part of the CO, emission occurs during the pro-
duction phase of O.P.C. [2-4]. It has been reported that
producing O.P.C., the primary material for concrete and
mortar production, contributes to approximately 5-7% of
CO, emissions [5]. For decades, researchers have made ef-
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*E-mail address: emrah.turan@atauni.edu.tr

supplementary materials in concrete production [6]. How-
ever, supplementary cement materials can partially replace
O.P.C,, usually 20-30% by weight, due to their adverse ef-
fects on concrete workability and early age strength [7].
Geopolymer composites were first named by Davidovits
in 1978. The primary material of these three-dimensional
amorphous products is aluminosilicates [8, 9]. Geopolymeric
cement is called green material because it reduces CO, emis-
sions by about 6 times compared to O.P.C., which provides
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large energy consumption and carbon dioxide emissions in
its production [10]. In addition, geopolymers are an essen-
tial part of inorganic polymeric materials with their superior
mechanical and thermal properties, low permeability, prom-
inent high-temperature resistance, excellent chemical corro-
sion resistance, and low density [11-14]. For these reasons,
geopolymers in recent years offer an excellent opportunity to
replace O.P.C. as cementitious binder material [15]. Recent-
ly, geopolymers have been used in ceramics exposed to high
temperatures, in coatings, binders, and adhesives for heat-re-
sistant building materials, and as cementing components of
concrete and mortar [16]. The most common geopolymers
used nowadays are obtained by activating alumino-silicate
materials such as fly ash (EA.), metakaolin, and granulated
blast furnace slag (G.B.ES.) using alkalis such as sodium hy-
droxide (NaOH), potassium hydroxide (K.O.H.) and sodi-
um silicate (Na,SiO,) [17]. The development of mechanical
performance in geopolymers depends on the formation of
three-dimensional networks consisting of Si-O-Al and Si-O-
Si units and the obtained calcium aluminate silicate hydrate
(C-A-S-H) and sodium aluminate silicate hydrate (N-A-
S-H) gels which depends on the binder composition, curing
temperature, activator type and concentration [18-20]. In
alkali-aluminosilicate (A.A.S.), calcium-bearing C-(A)-S-H
gels predominate with N-A-S-H gels [11].

OPC-based concrete and mortars have low thermal con-
ductivity and are known as non-combustible building ma-
terials [21]. Although concrete produced with O.P.C. has
significant resistance to high temperatures, Ca(OH), de-
composes at approximately 400 °C. This phenomenon causes
substantial decreases in the strength of OPC-based concrete
at temperatures above 400 °C [22, 23]. Geopolymers are con-
sidered to have good high-temperature resistance due to their
ceramic-like properties [24]. Moreover, the different nature
of the hydration products formed in O.P.C. and A.A.S. is the
reason for the significant difference in the elevated tempera-
ture resistance of geopolymer and regular concrete [25-27].
Guerrieri et al. [28] investigated the residual compressive
strength of A.A.S. and O.P.C. paste after being subjected
to high temperatures. The study indicates that the residu-
al strength of A.A.S. exposed to 600 °C is similar to O.P.C.
Contrary to this study, Tiirker et al. [29] reported in their re-
search that A.A.S. exposed to 600 °C lost more strength than
the O.P.C. specimen. Pan et al. [27] observed the post-high
temperature strength values of alkaline activated materials
containing G.B.ES. and Class F FA. An increase in strength
was observed in FA-based samples after 600 °C.

On the contrary, significant decreases in strength oc-
curred in GBFS-based samples at 300 °C compared to O.P.C.
binder-based samples. These strength differences reveal
substantial differences in the bonding structures of different
binder materials at high temperatures. The better behavior
of EA. after high temperature compared to G.B.ES. was due
to the binding phase, N-A-S-H. In recent years, high-tem-
perature performances have been investigated by adding
materials such as red mud [30], ferrochrome slag [31, 32],
rice husk ash [33] to FA. and G.B.ES. based mixtures, as
well as the combined use of EA. and G.B.ES. binders.

Approximately 73% of the world's stock on reserves is
in Tiirkiye. Tiirkiye's most important boron ores are tincal,
ulexite, and colemanite. The most essential components of
boron compounds are boron oxide (B,0,) and boric acid
(H,BO,). These components are called colemanite when
bound with calcium, ulexite when bound with calcium-so-
dium, and tincal when present with sodium [34]. 25.3% of
the boron reserve in Tiirkiye is tincal ore and is located in
the Eskisehir Kirka region. To obtain 1 million tons of borax
pentahydrate (Na,O. 2B,0,. 5H,0) from the Tinkal mine,
approximately 900000 tons of solid boron derivative waste
is generated annually. These wastes are stored in pools and
cause significant environmental problems [35-38]. Tinkal
waste (T.W.) has been used in many fields, such as ceramics,
insulation, and construction, since the 20" century. The use
of tincal ore waste as an additional supplementary materi-
al in ordinary cement is available in the literature. Kula et
al. [39] investigated the usability of TW., C.B.A., and EA.
as additional cement materials in concrete. Abali et al. [35]
studied using tincal waste as a supplementary cement ma-
terial. As a result, it was stated that as the tincal waste rate
increased, the 2-day compressive strength decreased, but at
the end of 28 days, the strength approached the reference
sample. Boncukcuoglu et al. [40] used the sieve wastes ob-
tained during borax production from tincal as an additive
in the production of O.P.C. They investigated the mechan-
ical properties of the doped O.P.C. Within the scope of the
research. It was stated that using 25% by weight of sieve
waste as cement additive material would be appropriate.

This study focuses on using tincal ore waste in GBFS-
based geopolymer mortars. For this purpose, compressive
strength and ultrasonic pulse velocity (U.PV.) tests were
conducted on the 3, 7, and 28" days on geopolymer mor-
tars obtained by replacing G.B.ES. with tincal waste at rates
of 10%, 20%, 30%, and 40%. The prepared mortar samples
were either kept at ambient conditions or cured in an oven
at 60°C for 24 hours and then kept at ambient conditions
until the test day. The produced specimens were subject-
ed to temperatures of 200, 400, and 600°C, and mass loss,
compressive strength, and U.P.V. values were investigated.
Additionally, a mathematical model was created between
compressive strength and U.P.V. before and after high tem-
perature, and the microstructure of the samples was ana-
lyzed using FTIR.

1. MATERIALS AND METHODS

1.2. Materials

Within the scope of this research, G.B.ES. and FA. were
used as binder materials in the reference mixture. G.B.ES.
material was supplied from the Eregli Iron and Steel Fac-
tory, and FA. material was provided from Catalagzi power
plant. The specific gravity of EA. and G.B.ES. are 2.33 and
2.86, and the specific surface area is 2475 cm?/g and 3824
cm’/g, respectively. Since the total SiO, + AL O, + Fe O, in
the F class EA. chemical composition is 87.36% and the
amount of CaO is 2.44%, it complies with ASTM C 618
[36]. SiO,/AlL O, by mass of EA. and G.B.ES. are 2.91 and
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Table 1. Chemical compositions of G.B.ES., EA., and T.W.

Oxide (%) SiO, ALO, Fe O, CaO MgO Na O SO, B,O, LOI
GBFS 33.60 11.40 1.10 41.20 6.10 0.40 2.10 - 1.05
FA 60.61 20.81 7.36 2.44 1.64 0.56 0.51 - 2.71
™ 14.12 2.03 0.76 15.87 22.19 8.12 0.53 9.83 23.26
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Figure 1. Image and XRD pattern of tincal waste [36].
2.95, respectively. Additionally, tincal waste (T.W.) used in ~ Table 2. Chemical properties of Na,SiO, and NaOH
this study was obtained from the Etibank Borax Plant (Kir- Properties SarFrm Sodi
ka, Eskisehir). The specific gravity of tincal waste is 2.48, SiliCate hydroxide
and the B.E.T. surface area is 65000 cm?/g. The chemical (Na,SiO,) (NaOH)
properties of G.B.ES., EA., and T.W. are given in Table 1. )
Densit 3 1.38 2.13
According to XRF results (Table 1), the most dominant enst y(g/cn?)h
compounds in the tincal waste sample are magnesium ox- Molecular weight (g/mol) 122.1 40
ide, quartz, and calcium oxide. Color White White
The XRD spectrum of tincal waste is shown in Figure pH 13-14
1. The most dominant phases observed in the XRD pattern  Na,O (%) 8.9
are dolomite, tincal, quartz, and ulexite. SiO, (%) 28.3
River sand with the largest grain size of 4 mm and aspe- 1 o (%) 64.3
2

cific gravity of 2.70 was used to prepare geopolymer mortar
samples. The study used sodium hydroxide (NaOH) and so-
dium silicate (Na,SiO,) solution as alkaline activators. The
silicate modulus in sodium silicate was equal to 3.18. NaOH
solution with a concentration of 12 M, prepared 24 hours
in advance, was used to prepare the mixtures. The chemical
properties of alkaline activators are given in Table 2.

2.2. Mixture Proportions and Test Methods

The mixing ratios of geopolymer mortar samples are
given in Table 3. The sand: binder: alkali solution ratio in
geopolymer mortar mixtures was 3:1:0.50. Na SiO, / NaOH
solution ratio 2. G.B.ES. replaced T.W. by 0%, 10%, 20%,
30% and 40%. G.B.ES., T.W., and EA. were mixed for 90 s
during the mortar preparation. After the first mixing pro-
cess, 12 M NaOH solution and Na,SiO, prepared the day
before were added to the mixture and mixed for another 3
min. Finally, river sand was added to the mixture, and af-
ter mixing for another 4 minutes, the mortar was prepared.
The prepared mortar mixtures were filled into 50 x 50 x 50
cube samples, and vibration was applied. A group of cube

samples prepared by filling molds was kept in ambient cure
until the test day. The other group was cured in a laboratory
oven at 60 °C for 24 hours. After the specimens were cured
for 24 hours, they were stored at room conditions until the
test day. The compressive strengths of the samples in both
cure groups on the 3, 7%, and 28" days were determined
according to ASTM C109 [38]. Additionally, U.P.V. and dry
unit weights on the 28" day were determined. All mixture
series were exposed to 200, 400, and 600 °C temperatures in
the oven with a temperature regime of 5 °C/min for 28 days
[41]. Compressive strength, U.P.V. value, and mass losses of
the mixtures after high temperature were determined.

3. RESULTS AND DISCUSSION

3.1. Dry Unit Weight

The effects of T.W., ambient curing (20 °C), and heat
curing (60 °C) for 28 days on the unit weight of the geo-
polymer mortar specimen are presented in Figure 2. The
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Table 3. Mixing ratios of geopolymer mortars

Specimen codes G.B.ES. T.W. EA. Sand Na_SiO, solution NaOH solution
(8 (®) (®) (®) (®) (®)
Control 405 45 1350 150 75
TW-10 360 45 45 1350 150 75
TW-20 315 90 45 1350 150 75
TW-30 270 135 45 1350 150 75
TW-4 225 180 45 1350 150 75
unit weights of the samples kept in the ambient cure ranged
from 2120 to 2223 kg/m’. The lowest unit weight value was T R m20°C
obtained from the TW-40 series, and the highest was ob- - & w60 °C
tained from the TW-10 series. Substitution of 10% and 20% g s ] 2 é o
T.W. increased the unit weights by 2.82% and 1.94%, re- | < 0 | @ & - o o
spectively, compared to the reference sample. Unit weights | = & S §
were decreased as the T.W. ratio increased to 30% and 40%. ; I S
The unit weights of the samples cured at 60 °C ranged S 2100 I I
between 2138 and 2250 kg/m®. Similar to the samples in | =
ambient cure, the highest unit weight was calculated in the
TW-10 series with 2250 kg/m®. This value was 2.74% higher 2000 _— TW;B S— — —
than the control sample. The unit weight of the TW-40 mix- Speciiien codes

ture was approximately 2.34% less than the control sample.
The values obtained from heat curing were higher than
those obtained in the ambient cure. This can be attributed
to heat curing accelerating the hydration reaction and high-
er bulk density. In the control and TW-10 series, 1.30% and
1.21% increase in unit weights was calculated as the curing
rate increased by 60 °C compared to the ambient cure.

3.2. Compressive Strengths

3.2.1. Curing at Ambient Temperature

The compressive strength test results of the mixtures at
ambient temperature conditions on 3, 7, and 28 days are
given in Figure 3. The 3 days compressive strength of the
mixture samples varies between 16.09 MPa and 30.75 MPa.
The highest 3-day compressive strength was obtained from
the TW-10 series with 30.75 MPa. As a result of increasing
curing time, compressive strength improved significantly.
The highest 7-day compressive strength was obtained in the
mortar mixture using 10% T.W. An improvement of 30.25%
and 7.65%, respectively, was detected in the compressive
strengths of mixtures using 10% and 20% T.W. compared to
the control specimen.

The strength results of the mixtures on the 28" day were
also compatible with the 3 and 7-day strength values. The
strength results on the 28™ day showed that the mixtures
varied between 30.30 MPa and 60.70 MPa. The highest
compressive strength value was detected in the TW-10 se-
ries. According to the reference mixture, substituting 10%
T.W. increased the strength by 28.60%. Although mixtures
containing 30% and 40% T.W. showed a particular strength
improvement, their performance was lower than the con-
trol sample. Compared to the control mixture, a decrease
of 15.67% and 35.8% was achieved in the compressive
strengths obtained from the TW-30 and TW-40 series. As a
result, 10% and 20% T.W. substitution increased the series'

Figure 2. Dry unit weight of geopolymer mortars.
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Figure 3. Compressive strength of specimens cured at am-
bient temperature.

strength at all ages. This increase in compressive strength
can be attributed to the development of geopolymeriza-
tion and the production of additional sodium aluminos-
ilicate hydrate (NASH) gel due to the Na O contained in
T.W. Additionally, unlike G.B.ES., which is high in calci-
um, T.W. contains high amounts of magnesium. This is
one of the most critical factors causing the improvement in
compressive strength, attributable to the high magnesium
content, which behaves similarly to calcium and forms a
new hydrate gel called a hydrotalcite-like phase or mag-
nesium-containing silicate hydrates M-S-H and C-M-S-H
[42, 43]. Bouaissi et al. [42] produced geopolymer mortars
using different substitutes of high magnesium nickel slag
(H.M.N.S.), EA. and G.B.ES. The research reported that the
14-day compressive strength of mixtures containing 10%
H.M.N.S. increased by 29% compared to the reference se-
ries. Zhang et al. [43] stated that the strength of geopolymer
mortars is 20% and 40% H.M.N.S. Replacement was higher
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Figure 4. Compressive strength of specimens heat curing
at 60° C.

than the mixture containing 100% FA. Ben Haha et al. [44]
stated that slag containing high amounts of MgO increases
the formation of a hydrotalcite-like phase due to hydration
and reduces Al uptake by C-S-H. Uysal et al. [45] investi-
gated using colemanite, another type of boron mineral, to
produce geopolymer mortar. As a result of the study, it was
determined that the use of 10% colemanite waste increased
the compressive strength by 2.02%, while its substitution at
20% decreased the strength by 20.74%.

3.2.2 Heat Curing at 60 °C

Compressive strength data of specimens heat cured
at 60° C are presented in Figure 4. 3 days of compressive
strength of mortars ranged between 32.56 and 53.32 MPa.
The highest strength value was obtained from the TW-10
series, with an increase of approximately 28.32% compared
to the control specimen. Curing at 60°C remarkably affect-
ed the strength of mortars containing G.B.ES. and T.W at
an early age. The 3-day compressive strength of specimens
cured at high temperatures was higher, in the range of ap-
proximately 73%-102%, compared to specimens cured
at ambient temperature. Gorhan et al. [46] stated that
high-temperature curing did not have a remarkable ef-
fect on the physical properties of geopolymer mortars but
caused an increase in compressive strength. There was an
increase in strength as the cure period increased to 7 days.
While the highest compressive strength was calculated
from the TW-10, the lowest strength value was observed in
the TW-40 series. Using 10% and 20%, T.W. improved the
compressive strength by about 26% and 10.8%, compared
to the control mixture.

The 28-day strength of mixtures cured at 60 °C gave
similar results to the three and 7-day strengths. The high-
est 28-day strength result was observed in the TW-10 se-
ries, with 63.40 MPa. This value was 25% higher than the
control specimen. It was observed that 30% and 40% T.W.
substitution reduced the compressive strength by 12.87%
and 21.58%, compared to the reference mixture. According
to the results of these studies, it can be reported that the
28-day strength of specimens kept at room temperature ap-
proaches the results of samples cured at 60 °C (Fig. 5). This
result is consistent with the results of previous studies in

==8==TW-10 — Ambient curing
40
w=@==TW-10 — Heating curing

Compressive strength, MPa

TW-20 — Ambient curing
TW-20 — Heating curing
3days 7 days 28 days

Age, day

Figure 5. Effect of room temperature and heat curing on
TW-10 and TW-20 series.
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Figure 6. Ultrasonic pulse velocity values of geopolymer
mortars.

the literature [47]. It was determined that the compressive
strength of heat-cured specimens after 28 days varied be-
tween approximately 4% and 30% compared to specimens
cured at ambient temperature.

3.3. Ultrasonic Pulse Velocity (U.P.V.)

Ultrasonic pulse velocity test (U.P.V.) is a non-destruc-
tive testing method to examine the homogeneity of the
geopolymer mortar matrix and the presence of any defects.
U.P.V. results of geopolymer mortars at 28 days are given in
Figure 6. U.P.V. values of 10% and 20% T.W. mixture mor-
tars increased compared to the control sample in ambient
and Heat cured. The U.P.V. value of the ambient cured TW-
10 series was 4.69% higher than the control mixture. This
value is determined as 4% in the heat-cured TW-10 series.
As the T.W. ratio in the mixtures increased, U.P.V. values
tended to decrease, similar to the compressive strength re-
sults. The velocity values of the 30% T.W. substituted mor-
tar series after curing with the environment, and Heat de-
creased by approximately 15% and 18% compared to the
reference specimen.

3.4. FT-IR Analysis

Fourier transform infrared spectroscopy (FTIR) is an ef-
fective method to detect the presence of chemical bonds and
products formed during geopolymerization. FTIR spectra of
geopolymer mortars are given in Figure 7. The broad band
centered at 3360 cm! arises from the overlap of symmetric
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Table 4. Changes of geopolymer mortars subjected to ambient cured after elevated temperature

Specimen code Change in compressive strength, % Change in U.P.V,, %
200 °C 400 °C 600 °C 200 °C 400 °C 600 °C
Control -3.60 -22.03 -49.36 -12.75 -29.53 -62.42
TW-10 -2.14 -17.13 -43.00 -6.41 -27.56 -59.62
TW-20 -6.44 -12.27 -47.69 -9.39 -28.16 -61.17
TW-30 -13.07 -27.39 -43.47 -12.35 -23.51 -60.96
TW-40 -24.75 -47.85 -68.32 -14.89 -31.91 -67.66
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Figure 7. FTIR spectra of geopolymer mortars.

and asymmetric stretching of the O-H bending of absorbed
water in the bands at 3300-3600 cm™ [42, 43]. The peak of
the wave number at 2980 cm™ indicates the stretching vibra-
tion of the hydrogen-bonded O-H group, and the peak at
2900 cm™ indicates the bending vibration of the O-H group
(44, 45]. O-H bending vibrations associated with hydrated
products are represented by the band determined at approx-
imately 1645 cm™. These O-H groups refer to structural and
entrapped water in sodium aluminosilicate (N-A-S-H) gels
[44, 48]. The peaks at 1460 and 1400 cm™, which character-
ize the stretching vibration of the C-O bond, are associated
with sodium bicarbonate (Na,CO,) [47, 49, 50].

Approximately 958-972 cm™ bands are an essential
point of the geopolymer, showing the asymmetric stretch-
ing vibration of the Si-O-T (T=Al or Si) bond. With the
addition of T.W. to geopolymer mortars, the reference sam-
ple's 972 cm™ Si-O-T stretching vibration was determined
as 958 cm™ and 962 cm™ from the TW-10 and TW-20
series, respectively. Shifts in this band cause geopolymer-
ization acceleration, structure strengthening, and strength
improvement [48]. This shift in Si-O-T asymmetric vibra-
tion can be attributed to incorporating Al and Mg into the
content of silicate hydrate gels [43].

As a result of the use of materials containing high
amounts of MgO in geopolymer production, it has been
proven in previous studies that Mg*, such as Al*, can re-
place Si** and the formation of gels such as Na-Al (Mg)-
Si-O-H [43, 51]. Moreover, the formation of a broad band
with a strong shoulder of approximately 860 cm™ with the
addition of T.W., except for the reference sample, indicates
the sizeable stretching area of the O-Si bond resulting from
the addition of Mg to the silicate network [43, 52]. Another
indication of Mg presence can be associated with the band
vibration at approximately 420 cm™ [53]. Mg** content in the
geopolymeric chain contributes to the matrix's chemical sta-
bility or interatomic bonding by forming different connec-
tions, such as Si-O-Mg, Si-O-Al, Ca-O-Si, and Si-O-Si [42].

3.5. Properties After Elevated Temperature Exposure

The compressive strength results of geopolymer mor-
tars subjected to ambient cured after high temperature are
shown in Figure 8, and the compressive strength and UP.V.
changes are given in Table 4.

The compressive strengths of control, TW-10, and TW-
20 mixtures cured in the ambient did not show a remarkable
decrease at 200 °C. As a result of exposure of the reference
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Figure 8. Compressive strengths of mortar samples in am-
bient cured after high temperature.

specimen kept in ambient cured to 200 °C, there was a 3.60%
decrease in compressive strength. The lowest reduction of
compressive strength at 200 °C was obtained from the TW-
10 series with 2.14%. As the T.W. ratio used in the mixtures
increased to 30% and 40%, a decrease of 13.07% and 24.75%
in strength was observed, respectively. The compressive
strength of geopolymer mortar specimens subjected to am-
bient curing tended to decrease as the temperature increased.
In their study, Zhang et al. [54] reported that geopolymer
mortars' flexural and compressive strengths increased at 100
°C and decreased with increased temperatures.

As the temperature increased to 400 °C, the decreases
in strength became more evident. The compressive strength
of the control sample decreased by 22.03%. The reduction
in strength of mixtures using 10% and 20% T.W. was de-
termined as 17.13% and 12.27%, respectively. Although the
decreases in the strength of TW-10 and TW-20 were lower
compared to the reference sample, the strength losses in-
creased with the increase in the T.W. ratio. The reduction in
strength of geopolymer mortar samples exposed to 600 °C
ranged from 43.00% to 68.32%. The decrease in strength of
the control sample was determined as 49.36%. Substitution
of 40% T.W. reduced the strength at 600 °C by 68.32% com-
pared to the initial strength. This is because when geopoly-
mer mortars were exposed to high temperatures, the free
water in the matrix evaporated, and the strength decreased
due to dehydration [55-58]. Evaporation in the matrix in-
creased with the increase in temperature, causing internal
pressure. After the internal pressure reached a specific limit,
the resistance of the composite to thermal effects decreased,
causing cracks on the surfaces.

Moreover, high temperatures created thermal mis-
matches by creating microcracks at the interface transition
area between aggregate and paste [58, 59]. However, the
decrease in the strength of the mixtures using 10%, 20%,
and 30% T.W. at 600 °C was less than the reference spec-
imen. The least strength loss was reported in the TW-10
series, at 43%. Geopolymers are believed to have excellent
bonding ability due to the formation of a three-dimensional
N-A-S-H type gel, which is a network [Q*(Al)] composed of
SiO, and AlO, tetrahedral, which form a bonding structure

Figure 9. Compressive strength of heat-cured mortar sam-
ples after high temperature.

between each other with shared O atoms. This structure
gives geopolymer mortars significant high-temperature re-
sistance [27, 60]. The T.W. used in this study contains Na,O.
This component may have formed an additional N-A-S-H
structure in the geopolymer mortar structure. This may be
one of the reasons why the high-temperature resistance of
mixtures containing T.W. loses less strength compared to
the reference sample.

Additionally, Lee et al. [61] investigated the effect of
G.B.ES. addition on the structure of FA-based geopoly-
mers. They reported that the C-(A)-S-H structure formed
in mixtures containing G.B.ES. is vulnerable to thermal
structure degradation. Contrary to this situation, the in-
crease in the high-temperature resistance of the mixtures in
this study can be attributed to the addition of T.W. produc-
ing the N-A(M)-S-H gel phase by containing high amounts
of Mg. Yang et al. [62] stated that EA. mixtures with nick-
el slag containing high amounts of magnesium produced
N-A(M)-S-H, which improved the mixtures' thermal sta-
bility. However, they reported that the mechanism causing
this situation is still unclear.

The U.PV. results of the mortars are presented in Table
4. The reduction in U.PV. values of the specimens was be-
tween 6.41% and 14.89% at 200 °C. The lowest loss in U.P.V.
value was obtained in the TW-10 series, similar to the re-
sults in compressive strength. Additionally, using 10% and
20%, T.W. caused less decrease in U.P.V. values compared
to the control sample. The reduction in U.PV. results con-
tinued as the temperature increased to 400 °C. While the
reduction of the reference sample was 29.53%, the decrease
in the TW-10 and TW-20 series was calculated as 27.56%
and 28.16%. As the temperature increased to 600 °C, a sig-
nificant decrease was observed in the U.P.V. values of geo-
polymer mortars. 10% and 20% T.W. substitution reduced
U.P.V. values by 59.62% and 61.17%. This rate was mea-
sured as 62.42% in the reference sample. Although there is a
proportional difference between compressive strength and
U.P.V. results, they are similar in trend.

The compressive strength results of geopolymer mortars
subjected to Heat cured after high temperature are shown in
Figure 9, and the compressive strength and U.P.V. changes
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Table 5. Changes of geopolymer mortars subjected to Heat cured after elevated temperature

Specimen code Change in compressive strength, % Change in U.P.V,, %
200 °C 400 °C 600 °C 200 °C 400 °C 600 °C
Control -4.75 -12.28 -38.81 -11.08 -27.38 -59.38
TW-10 1.10 -8.68 -37.22 -5.33 -25.44 -57.10
TW-20 -4.30 -11.11 -42.29 -8.11 -24.92 -57.06
TW-30 -4.77 -12.27 -43.18 -8.27 -21.80 -49.62
TW-40 -5.81 -33.08 -66.41 -9.23 -26.92 -63.08
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Figure 10. Compressive strength and U.P.V. relationship of samples kept in ambient cured (a) before high-temperature
(b) after 200 °C temperature (c) after 400 °C temperature (d) after 600 °C temperature.

are shown in Table 5. Except for the TW-10 mixture, decreas-
es in strength were detected at 200 °C for all mixtures cured
at 60 °C. At 200 °C, a change in the compressive strength of
all mixture series was observed between -5.81% and 1.10%.
Similar to 200 °C, the least strength decreases at 400 °C and
600 °C were obtained from mixtures with 10% T.W. replace-
ment. Mixtures using 20% T.W. lost less strength than the
control sample, similar to the TW-10 series. The weakest
performance at all temperatures was observed in the TW-40
series. In this series, as the temperature increased from 200
to 600 °C, the compressive strength decreased from 5.81% to
66.41%. Heat-cured mixtures gave approximately the same
results as mixtures kept in ambient cured. However, the de-

crease in strength after high temperature in heat-cured sam-
ples was less than that in ambient cured.

The reduction in U.PV. results of specimens cured at
60 °C was between 5.33% and 11.08% at 200 °C. As the
temperature increased to 400 °C, there was a significant
decrease in U.P.V. values. While the highest decrease was
obtained from the control sample with 27.38%, the lowest
decrease was calculated in the TW-30 series with 21.80%.
At 600 °C, the reduction in U.P.V. values continued and
ranged between 49.62% and 63.08%.

In their studies, [54] and [55] obtained a relationship
between compressive strength and U.P.V. values based on
experimental results using Equation (1) given below.
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f =ae"™¢) (1)

where f_is the compressive strength, a and b are con-
stants, and Vc is the U.P.V. value.

The relationship between the compressive strength and
U.P.V. of the specimens subjected to ambient cured before
and after high temperature is given in Figure 10a-d. The
relationships between compressive strength and U.P.V. were
made using three specimens tested in each mixture. The co-
efficient of determination (R?) of the mixture series subject-
ed to ambient cure was approximately 0.87, 0.91, 0.96, and
0.90, respectively. The equations related to the temperature
relationship at 23, 200, 400, and 600 °C are given in Equa-
tions (2), (3), (4) and (5), respectively.

£ yy0,=6.61€207Ye )
0000y =4-39€0000°Ve 3)
40000 1.2400016V, (4)
<600 Oc)= 1 .96800023\/5 (5)

The relationship between the compressive strength and
U.PV. of the samples subjected to Heat cured before and
after high temperature is presented in Figure 11a-d. The
coeflicients of determination of heat-cured mixtures at 23,
200, 400, and 600 °C were calculated as 0.87, 0.92, 0.90 and
0.91, respectively. The following equations were determined
for 23, 200, 400, and 600 °C, respectively.

f — 1 2'5260A0005VC

c(23°C)

(6)

F 107560 )
(400 OC)=4.16eO'002vc (8)
(sop o0y =2-026000%V (9)

3.5.1. Mass Loss

The mass loss results of geopolymer mortar mixture sam-
ples kept in ambient cured and subjected to high temperatures
are given in Figure 12a, and the results of heat-cured samples
are shown in Figure 12b. In ambient cure, control sample
mass loss ranged from 5.90 to 11.86% in mixtures subjected
to ambient cure. The lowest mass loss at 200 °C was obtained
from the TW-10 series. The highest mass loss was calculated
from thranging, ranging from 9.10% to 13.22%. Significant
increases in mass losses occurred after 400 °C. The lowest loss
was calculated for all estimated TW-20 series at 7.61%. At 600
°C, the mass loss of all mixtures was more than 10%. At 600
°C, mass loss ranged from 10.64 to 13.22%. The weight loss
in geopolymer mortars was due to evaporation of absorption
water in the temperature range of 30-210 °C, deterioration
of side chains in the temperature range of 210-400 °C, and
degradation of leading polymer chains at 400-500 °C. Also,
weakening the bond between aggregate and paste at high
temperatures increased weight losses [63, 64].

The mass losses of the samples cured at 60 °C decreased
compared to those in the ambient cure. The lowest mass
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Figure 12. Mass loss of (a) ambient and (b) 60 °C cured specimens after elevated temperature.

loss at 200 °C was calculated in the TW-10 series at 1.41%.
An increase in mass losses was observed with increasing
temperature. At 400 °C, mass losses ranged from 5.50%
to 12.20%. At 600 °C, as in other temperatures, the lowest
mass loss was determined in the TW-10 series.

Within the scope of this study, the use of tincal waste in the
production of geopolymer concrete, as an innovative industri-
al by-product that can be used both to reduce the amount of
environmentally harmful waste materials and to replace ce-
ment, was examined. Study results show that T.W. is promis-
ing in geopolymer concrete production. Future studies should
discuss it with different materials, curing temperatures, and
alkali silicate activator ratios. In addition, both in this study
and in the literature, it is clear that the microstructural prop-
erties of the N-A(M)-S-H structure, a vital gel phase especially
for high-temperature resistance, require further study.

4. CONCLUSION

In this study, 10%, 20%, 30%, and 40% T.W. was replaced

by slag in geopolymer production. The properties of mix-

tures before and after high temperatures were examined. In-

formation about the results obtained is summarized below.

o The highest 7-day compressive strength in the ambient
cured was obtained in the mortar mixture using 10%
T.W. An improvement of 30.25% and 7.65%, respective-
ly, was detected in the compressive strength of the mix-
tures using 10% and 20% T.W. compared to reference
mixture.

o The 28™-day strength results of the samples kept in am-
bient cured vary between 30.30 MPa and 60.70 MPa.
The highest pressure values were obtained from the
TW-10 series, 28.60% higher than the control sample.
Similar to the ambient cured, the highest strength in
heat-cured samples was calculated in the TW-10 series.

 The difference in strength between ambient-cured and
heat-cured samples at the early ages of cure decreased
significantly on the 28™ day.

Using T.W. in samples kept in ambient cure increased

the high-temperature resistance. TW-10 and TW-20 se-

ries were the mixture series that suffered the least com-
pressive strength loss at 400 °C and 600 °C.

o Except for the TW-10 mixture, decreases in strength
were detected at 200 °C for all mixtures at 60 °C. In
specimens at 60 °C, the strength losses of TW-10 and
control series at 400 °C and 600 °C were determined as
8.68%-37.22% and 12.28%-38.81%, respectively.

o The exponential relationship between compressive
strength and U.P.V. before and after exposure to high
temperatures, with strong R2 values, reported a suffi-
cient approximation to compare the two.

o Similar to the compressive strength results, the least

mass loss was determined in the TW-10 and TW-20

series. The mass loss of heat-cured specimens was less
than that of specimens kept in ambient cure.
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1. INTRODUCTION

Aggregates must satisfy strict quality standards for as-
phalt mixture production, which often prevents using avail-

ABSTRACT

Large quantities of steel slag and palm kernel shell ash (PKSA) - waste products from
steel production and palm oil milling, respectively — are generated annually in several
countries, and their disposal is challenging. Meanwhile, the over-reliance on convention-
al rock aggregates for asphalt mixture production poses increasing sustainability chal-
lenges. This study investigated the potential of entirely replacing granite aggregates with
steel slag and PKSA in a dense-graded asphalt mixture. Two sets of asphalt mixtures were
prepared; the control mixture contained crushed granite aggregate and hydrated lime,
while the other set incorporated steel slag as coarse aggregate and PKSA as fine aggregate
and filler. Both mixture types utilized AC-30 viscosity-graded asphalt binder. The prop-
erties of the waste materials met the quality standards required for aggregates in asphalt
mixture production. Both mixture types were designed according to the Marshall design
procedure and were evaluated for durability (Cantabro abrasion loss), fatigue cracking
Resistance, rutting Resistance, and moisture damage susceptibility. The Cantabro abra-
sion loss test indicated that the waste-based mixture was 3% less durable than the control.
However, the cracking Resistance of the waste-based mixture was approximately twice
that of the control. Even though the rapid rutting test indicated that the control mixture
was slightly superior in rutting Resistance, the Marshall quotient suggested otherwise.
Both mixture types exhibited similar moisture damage resistance. Overall, the steel slag
and PKSA samples have shown high potential to replace virgin granite aggregates and
lime in asphalt mixtures fully and are, thus, recommended for field performance evalua-
tion and possible adoption.
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tal impacts associated with aggregate mining could be
significant, including landscape alteration, land-use con-

version, noise and air pollution, habitat loss, erosion, and

able marginal-quality aggregates. Apart from the challenge ~sedimentation of water bodies. Dwindling high-quality ag-
of obtaining high-quality aggregates, adverse environmen-  gregate reserves and sustainability concerns have warranted
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the exploration of alternative aggregate sources to meet the
growing demand for durable pavements. Waste material
recycling can enhance sustainable pavement engineering
by minimizing virgin material use, reducing landfill space
demand, conserving energy, and reducing greenhouse gas
emissions associated with extracting and transporting vir-
gin aggregates [1]. Steel slag and palm kernel shell ash are
industrial waste materials from steel manufacturing and
palm oil milling, respectively.

Steel slag has high strength and abrasive properties and
has been found to improve the stability and moisture dam-
age resistance of asphalt mixtures [2, 3]. Sorlini et al. [4] ob-
served that slag-containing asphalt mixtures exhibited me-
chanical characteristics similar to or better than an asphalt
mixture produced with natural aggregates. Kim et al. [5]
observed significant improvements in rutting Resistance,
tensile strength, and toughness in an asphalt mixture con-
taining slag compared to a mixture with granite aggregate.
The slag-containing mixture exhibited 121%, 110%, and
114% in rutting Resistance, tensile strength, and toughness,
respectively, compared with the granite aggregate mixture.
The relatively high dynamic modulus of the slag-contain-
ing mixture was attributed to the strong aggregate interlock
and the rough surface texture of the steel slag aggregates.
Kehagia [6] and Asi [7] observed that the high strength and
irregular shape of steel slag aggregate contribute to improv-
ing the skid resistance of asphalt mixtures. Oluwasola et al.
[8] found that replacing granite with steel slag (as fine and
coarse aggregates) as well as copper mine tailings (as fine
aggregate) in hot-mix asphalt improved rutting resistance,
resilient modulus, moisture damage susceptibility, Marshall
stability, and flow. Diaz-Piloneta et al. [9] noted that carbon
emission savings associated with adding steel slag to asphalt
mixtures could exceed 14%, compared with asphalt mix-
tures containing virgin aggregates.

Palm kernel shell ash (PKSA), also referred to as palm
oil clinker (POC) or palm oil fuel ash (POFA), results from
the incineration of palm kernel shells and other parts of
the palm tree when used as fuel for steam generation at oil
mills. The pyrolysis residue is typically described as palm
kernel shell ash if the biomass fuel comprises predominant-
ly palm kernel shells. PKSA accumulation in the furnace
reduces its efficiency, lifespan, and maintenance cost [10].
Several researchers, including [11-14], have explored vari-
ous engineering applications of PKSA. For instance, Usman
[15] investigated the performance of refined dense-graded
cold mix asphalt that incorporated PKSA as a filler and
observed improved mechanical properties over conven-
tional cold mix asphalt. POFA-modified binder improved
Marshall stability and rutting resistance [16, 17], and when
POFA was utilized as a filler, volumetric and Marshall prop-
erties improved [18, 19] - according to Maleka et al. [20],
utilizing POFA as a filler improved durability, Marshall
stability, flow, and indirect tensile strength compared with
the control mixture which contained 1% Ordinary Portland
Cement and 5% mineral filler. Incorporating POFA as a fill-
er at 3% by aggregate weight yielded a mixture with opti-
mum resilient modulus and Marshall stability [21]. Borhan

etal. [22] noticed an improvement in the rutting Resistance
of PKSA-containing asphalt mixtures when PKSA was used
as a filler. Babalghaith et al. [23] concluded that PKSA could
fully serve as a fine aggregate in stone matrix asphalt (SMA)
mixture for improved rutting and fatigue resistance.

With increasing urbanization and population growth,
coupled with the growing demand for steel and palm oil
products, slag and PKSA generation is expected to rise,
with their accompanying disposal difficulties [10, 24-26],
while dwindling quality-aggregate sources for asphalt mix-
ture production and the sustainability issues surrounding
their acquisition pose challenges to road agencies.

1.1. Aim and Scope

This study aimed to investigate the feasibility of com-
pletely substituting granite aggregate and hydrated lime,
traditionally used in the production of dense-graded as-
phalt (DGA) mixtures, with steel slag and palm kernel shell
ash to enhance the sustainability of asphalt mixtures. While
prior research has individually examined the benefits of ei-
ther steel slag or PKSA in asphalt mixtures, this study took a
unique approach by concurrently incorporating both waste
materials. To achieve the stated aim, lumps of steel slag and
PKSA were collected from industry dump sites, crushed into
desirable-size fractions using a laboratory device, and char-
acterized to ascertain their suitability as asphalt mixture ag-
gregates. Following the Marshall mixture design procedure,
they were then utilized to produce DGA. The control DGA
mixture utilized granite aggregate and hydrated lime. Both
mixtures used the same grade of asphalt binder. Mixture
characterization tests included Marshall stability and flow,
moisture susceptibility, Cantabro abrasion loss (durability),
indirect tensile cracking, and rutting. Presented in Figure 1
is a flow chart of the experimental program.

2. MATERIALS AND METHODS

2.1. Materials

Granite aggregates obtained from a local quarry in the
Ashanti region of Ghana were used to produce a conven-
tional dense-grade asphalt (DGA) mixture designated in
this study as the control mixture. Steel slag and PKSA lumps
were obtained from dump sites of a steel manufacturer and
an oil mill, respectively, in their raw lumps. These lumps were
crushed into desirable sizes using a laboratory crusher. The
slags had undergone natural aging in a humid environment
for several years, experiencing an average annual rainfall
of approximately 750mm and daily ambient temperatures
ranging between 25°C and 30°C. Subsequently, the crushed
aggregates were washed to eliminate dust particles and then
oven-dried at a temperature of 105°C. The steel slag served
as coarse aggregate in the waste-based mixture, while the
PKSA functioned as fine aggregate and filler. Several physi-
cal tests were performed on the aggregates to ascertain their
suitability for asphalt mixture production. Also, an X-ray
fluorescence (XRF) analysis was conducted to determine
the chemical composition of the materials. AC-30 viscos-
ity-graded asphalt binder was used in both mixtures; its
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Figure 1. Flow chart of an experimental program.
Table 1. Asphalt binder properties
Property Procedure (ASTM) Value Specification (ASTM D3381)
Penetration at 25°C, 100g, 5s D5 [27] 65 30 (min)
Flash Point (Cleveland Open Cup) D92 [28] 332°C 230°C (min)
Kinematic Viscosity at 135°C D3381 [29] 370 mm?/s 250 mm?/s (min)
Viscosity at 60°C D4402 [30] 322 Pa.s 240-360 Pa.s
Specific Gravity at 25°C D70 [31] 1.04 -

Table 2. Aggregate blend composition

Aggregate fraction Waste-based mixture Control mixture
Material Composition (%) Material Composition (%)
Coarse Slag 45.5 Granite 46.3
Fine PKSA 47.6 Granite 46.6
Filler PKSA 6.9 Granite + Lime 6.1+1.0

properties are provided in Table 1. The aggregate test results
are presented under the results and discussion section.

2.2. Mixture Design

The aggregate fractions were blended to conform to the
Wearing Course Type I gradation envelope (Fig. 2) spec-
ified by the Ministry of Roads and Highways' Standard
Specification for Road and Bridge Works [32]. As shown in
Table 2, the waste-based aggregate blend comprised 45.5%
steel slag aggregates (coarse aggregate) and 54.5% of PKSA
(including 6.9% PKSA as filler). The control mixture com-

100

80

60

40

Percent Passing (%)

20

0,01 0,1 1

Sieve Size (mm)

100

~=k=-Control Mixture ~—e— Waste-Based Mixture —@— Gradation Envelope

Figure 2. Aggregate gradations of the mixtures.
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Figure 3. Marshall test results for the control mixture.

prised 99% granite aggregate (including 6.1% mineral filler)
and 1% hydrated lime.

The asphalt mixtures were designed per the Marshall
procedure [33] to conform to the Standard Specification
for Road and Bridge Works [32]. Trial asphalt mixtures
were prepared at 3.5% to 5.5% binder contents. The mix-
tures were produced at 160°C, aged for two hours per [34],
and compacted at 130°C, with 75 blows per face. Figures 3
and 4 show asphalt binder content versus the properties of
the control and waste-based mixtures, respectively. Follow-
ing the Asphalt Institute method [35], the optimum bind-
er content corresponding to 4% air voids was determined
as 4.5% and 5% for the control and waste-based mixtures,
respectively. The effective binder content, which refers to
the amount of asphalt binder in an asphalt mixture that is
available to coat and bind the aggregate particles together

effectively, was, however, found to be 4.3% and 4.2%, re-
spectively, for the control and waste-based mixtures. Table
3 shows the mixture properties at the respective optimum
binder contents.

To cast samples at 7% air voids, trial mixtures were fab-
ricated at different numbers of Marshall blows (i.e., 30, 45,
and 60). Forty-eight (48) Marshall blows corresponded to
7%1% air voids for both mixtures.

2.3. Mixture Performance Testing

2.3.1. Durability

The Cantabro abrasion loss test [36] was employed to assess
the durability of the mixtures. Traditionally utilized for char-
acterizing Open Graded Friction Course (OGFC) mixtures,
this test has undergone validation for its applicability to dense
graded mixtures [37]. It has proven effective in distinguishing
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Table 3. Mixture properties and specification requirements at optimum binder contents [32]

Mixture property Mixture type Specification
Control (P,=4.5%) Waste-based (P*=5.0%)
Marshal Stability (2x75 blows) (kN) 13.8 11.0 9-18
Marshal Flow (mm) 3.7 2.8 2-4
VTM (%) 3.8 4.2 3-5
VFA (%) 73 69 65-75
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Figure 4. Marshall test results for the waste-based mixture.
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Table 4. Aggregate test results

Property Procedure Value MRH (2007) Specification
Granite Steel Slag PKSA
Los Angeles Abrasion (%) ASTM C131 [52] 25 37 - 40 (max)
Ten Percent Fines (kN) BS 812 [53] 211 234 - 160 (min)
Flakiness Index (%) ASTM D4791 [54] 9 25 - 25 (max)
Coarse aggregate angularity (%) ASTM D5821 [55] 100 100 - 290-100
Fine aggregate angularity (%) ASTM C1252 [56] 47 51 29 *45 min.
Plasticity index (%) AASHTO T90 [57] NP NP NP NP
Moisture Absorption (%) ASTM C127 [58] 0.11 0.60 7.2 1.0 (max)*
Aggregate Crushing Value (%) BS 812 [53] 18 20 - 30 (max)!
Aggregate Impact Value (%) BS 812 [53] 12 15 - 30 (max)!
Elongation Index (%) ASTM D4791 [54] 14 10 - 15 (max)!
Specific Gravity ASTM C127 [58] 2.692 2.835 1.903 -
Sodium Sulphate Soundness (%) ASTM C88 [59] 0.9 1.2 1.8 15 (max)?

Source: '[60], 2[61]; *[62]; NP — Nonplastic; *: Not applicable to PKSA.

various mixture characteristics that play a role in durability, en-
compassing factors such as binder type and content, aggregate
type, air void content, binder absorption, and aging [38, 39].

Three Marshall specimens for each mixture type were
prepared at the 4.5% and 5.0% optimum binder content
for the control and waste-based mixtures, respectively. The
loose mixtures were short-term aged [34] and then com-
pacted to 7% air voids. Having measured the initial mass of
the Marshall-compacted specimens, each was subjected to
abrasion in the Los Angeles abrasion machine for 300 rev-
olutions (without steel balls). The final specimen mass was
measured, and the Cantabro abrasion loss index (CALin-
dex) was computed using Equation 1.

CALindex

Initial Specimen Mass—Final Specimen Mass
(R P )x 100 (1)

Initial Specimen Mass

2.3.2. Moisture Damage Resistance

The modified Lottman test [40] was performed to
evaluate the moisture damage susceptibility of the mix-
tures. Six Marshall specimens for each mixture type were
fabricated at 7% air voids using the optimum binder con-
tents of 4.5% and 5.0% for the control and waste-based
mixtures, respectively. A subset (three of the specimens)
of each mixture type was conditioned per [40] (except
for the freeze-thaw cycle), while the other subgroup was
unconditioned. Both sets of specimens were subjected to
monotonic loading at a rate of 50 mm/min, and the failure
load was used to calculate the tensile strength using Equa-
tion 2. The tensile strength ratio (TSR) was calculated as
the ratio of the average tensile strength of the conditioned
specimens to that of the unconditioned specimens.

2000P
S, =
t TtD

2)

where,

S =tensile strength (kPa)
P=maximum load (N)
t=specimen thickness (mm)
D=specimen diameter (mm)

Table 5. XRF analysis results

Oxide Percent composition by mass
Granite Steel slag PKSA Hydrated
lime
SiO, 84.4 52.4 70.8 439
ALO, 13.0 15.0 6.6 124
K0 0.8 0.0 7.3 2.0
Fe,0, 0.4 11.8 3.8 3.9
CaO 0.1 53 3.9 31.6
MnO 0.0 9.7 0.0 0.1
MgO 0.0 1.2 3.7 4.7
Traces 1.3 4.6 3.9 1.4
Total 100.0 100.0 100.0 100.0

2.3.3. Cracking Resistance

The indirect tensile cracking test [41] was employed to
evaluate the cracking susceptibility of the mixtures. The
efficacy of the test has been confirmed through the analy-
sis of pavement performance data gathered from various
experimental facilities. It has effectively predicted fatigue,
reflective, top-down, and thermal cracking [42]. To add
to its practicality, laboratory specimens, and field cores,
prepared using Marshall or Gyratory compactors, can be
readily utilized in this test, eliminating the need for addi-
tional procedures such as notching, drilling, instrumenta-
tion, or cutting [43-45].

The control and waste-based compacted specimens
(three each) were produced at 4.5% and 5.0% optimum
binder content, respectively. Similarly, the loose mixtures
were short-term aged [34] and compacted to 7% air voids.
The specimens were loaded in a universal testing machine
at a constant rate of 50 mm/min at 25°C until failure. The
cracking tolerance index (CT,, ), a fracture mechan-
ics-based parameter, was computed using Equation 3 [41]
to evaluate the cracking Resistance of the mixtures. A high-
er C.T. index denotes higher cracking resistance.

t s

CTingex = oz X=X
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where:

CT, . =cracking tolerance index

Gf=failure energy (Joules/m?)

|M,|=absolute value of the post-peak slope (N/m)

1 =displacement at 75% of the peak load after the peak (mm)
D=specimen diameter (mm)a

t=specimen thickness (mm)

2.3.4. Rutting Resistance

The rapid rutting test [46] was performed to assess
the rutting Resistance of the mixtures, except that Mar-
shall-compacted specimens were used instead of 150-mm
diameter gyratory-compacted specimens. Additionally, a
concave supporting cradle with a curvature radius equal to
the nominal radius of the test specimen was not used. This
omission proved inconsequential in the comparative assess-
ment of rutting Resistance between the two mixture types,
given the absence of a standard RT, , criterion for asphalt
mixtures at the time of the study. This simple test — which
is repeatable, reproducible, and sensitive to asphalt mixture
components such as binder type and content, aggregate type
and gradation, additives, and mixture aging - has shown
good correlation with well-established simulative and fun-
damental rutting tests and field performance [47-49].

The mixtures were produced at 4.5% and 5.0% binder
content for the control and waste-based mixtures, respec-
tively. They were short-term aged [34] and compacted to
7% air voids. The specimens were then conditioned in a
60°C water bath for 45 minutes and loaded at 50 mm/min
until failure. The failure loads were used to calculate the
shear strengths of the mixtures (Equation 4), which were
subsequently used to determine rutting tolerance indices
(RT, ,.) using Equation 5. The rutting tolerance index is a
performance indicator where higher values indicate higher
rutting Resistance.

Pmax
Tf = 0.356 x oW (4)

where:
T=shear strength (Pa)
P =maximum load (N)

T=specimen thickness (m)
W=width of upper loading strip (=0.0191 m)

RTjngex = 6.618 X 1075 x - (5)
a
where:
RT, . =rutting tolerance index

1=shear strength calculated from Equation 4.

2.3.5. Marshall Quotient

Marshall quotient, computed as the ratio of stability to
flow, is a recognized indicator of asphalt mixture rutting re-
sistance [2, 50]. The Marshall stability and flow were mea-
sured per [51]. Three Marshall-compacted specimens (4%
air voids) for each mixture type produced at the optimum
binder content (4.5% and 5.0% for the control and waste-
based mixtures) were conditioned in a 60°C water bath for
30 minutes. The conditioned samples were loaded at a 50.8

mm/minute rate until failure. The fajlure load was record-
ed as the stability, and the total plastic deformation was
recorded as the flow. A higher Marshall quotient indicates
higher asphalt mixture rutting Resistance.

3. RESULTS AND DISCUSSION

3.1. Aggregate Characteristics

Tables 4 and 5 show the physical and chemical prop-
erties of the aggregates, respectively. Although higher for
steel slag, the Los Angeles Abrasion (LAA) values met
specification requirements [32]. The granite and steel slag
passed water absorption specifications [32]. PKSA had the
highest water absorption value, which may be explained by
the presence of a significant proportion of the deliquescent
compound KO, as the XRF analysis results in Table 5 show.
While binder absorption and water absorption are not
equal in value, higher water absorption of the steel slag and
PKSA aggregates indicates higher porosity, which could re-
sult in increased binder absorption.

Both steel slag aggregates and granite demonstrated
similar characteristics in coarse aggregate angularity. How-
ever, steel slag aggregates showed a higher fine aggregate
angularity (FAA) than granite. The angularity of aggregates
plays a crucial role in determining mixture stability, with
higher angularity values contributing to increased strength.
The high FAA of steel slag has the potential to counterbal-
ance the low FAA associated with PKSA to improve overall
mixture stability. The steel slag aggregates generally exhibit-
ed comparable or better mechanical strength characteristics
to the granite. The steel slag aggregates were denser and less
elongated but flakier than the granite aggregates. Consid-
ering their Resistance to sodium sulfate deterioration, all
three aggregates could withstand weathering.

The X-ray Fluorescence (XRF) analysis revealed the
presence of CaO, ALO,, Fe,O,, and MgO in significant
proportions in the steel slag and PKSA, indicating their in-
herent pozzolanic properties. Pozzolanic property has the
potential to improve the strength and durability of asphalt
mixtures [63]. However, volume instability failures have
been found to be typical of slag due to the presence of free
lime (f-CaO) and MgO [64, 65]. The f-CaO, or free calci-
um oxide, refers explicitly to an unhydrated form of CaO
in a material. High levels of f-CaO in materials like slag
can lead to delayed ettringite formation in asphalt con-
crete, causing expansion and potential durability issues.
One recommended approach, as suggested by Juckes [66],
involves subjecting CaO-containing aggregates to an aging
process. This method has proven effective in promoting
the complete hydration of {-CaO. Wu et al. [67] noted that
after three years of aging, the f-CaO content of steel slag
aggregates fell below 6%, which posed an insignificant
threat to deleterious expansion. According to the XRF re-
sults in Table 5, both steel slag and PKSA aggregates have
CaO contents of 5.3% and 3.9%, respectively — suggesting
low levels of f-CaO and adequate aging of both materials.
The relatively low levels of f-CaO in these aggregates sug-
gest a diminished threat of volume instability.
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Furthermore, the dominant presence of silica (5i,0) in
all three aggregates (ranging from 52% to 84% by mass) in-
dicates remarkable similarities, positioning them as viable
alternatives to granite aggregate in asphalt mixtures. In es-
sence, both the waste-based aggregates (steel slag and PKSA)
and natural aggregates (granite) characterized in this study
met the criteria for asphalt mixture production, emphasiz-
ing steel slag and PKSA aggregates' suitability and potential
contribution to sustainable asphalt construction practices.

3.2. Mixture Performance

Figure 5 shows the average values for the mixture per-
formance indicators: tensile strength ratio (TSR), rutting
tolerance index (CT, , ), Cantabro abrasion loss index,
cracking tolerance index (CT, , ), and Marshall quotient.

3.2.1. Moisture Damage Resistance

Although hydrated lime was absent in the waste-based
mixture, it exhibited similar moisture damage resistance as
the control, which contained 1% hydrated lime. Hydrated
lime improves moisture damage resistance [68, 69]. Even
without lime, the waste-based mixture's comparable per-
formance may have been influenced by the low acidity and
high porosity observed in steel slag and PKSA aggregates.
Adequate adhesion within a bitumen-aggregate system en-
hances moisture damage resistance [70]. The mechanical
interlocking theory [71] provides insights into the forma-
tion of a strong bond between bitumen and aggregate. This
bond arises from the interlocking when hot bitumen per-
meates aggregate pores and air voids, coating irregularities
on the aggregate surface. Subsequent cooling establishes
and forms robust mechanical forces. A higher number of
pores, a rough texture with angularity, and microstructures
such as pores, voids, and microcracks contribute to me-
chanical interlocking [72]. In contrast, aggregates with high
silica content (>65% by mass) tend to be geologically acidic,
resulting in a weaker bond with asphalt binder. Conversely,
arough aggregate surface and fine microstructures increase
the adsorptive surface available for binder adhesion [73].
It is worth noting that while the standard specification for
Road and Bridge Works [32] currently does not incorporate
the moisture damage test as a criterion for the mixture de-
sign of the wearing course, it is commonly recommended to
adhere to a minimum tensile strength ratio of 0.8 as a best
practice, which both mixtures exceeded.

139

100 90 89
75

28 31

” l . - e
0 =

Moisture Damage  Rutting Resistance
Resistance, TSR (%) (RTindex)

Mixture Performance Indicator

Durability,
CALindex (%)

Fatigue Cracking  Marshall Quotient
Resistance (kN/mm)
(CTindex)

m Control Mixture Waste-based Mixture

Figure 5. Performance testing results of the control and
waste-based asphalt mixtures.

Analyzing the X-ray fluorescence (XRF) results from
Table 5, it becomes evident that the waste-based mixture
aggregate exhibited low acidity (weighted silica content
of 62.43%) compared to the control mixture aggregate
(weighted silica content of 84%). Looking closely at the steel
slag and PKSA aggregates, conspicuous permeable pores
were observed on their surfaces. Notably, the steel slag
aggregate particles exhibited a more angular morphology
than the granite aggregates. These physical characteristics
may have influenced the moisture damage resistance of the
waste-based mixture. Several studies have also reported im-
proved asphalt moisture damage resistance when palm oil
fuel ash (and its variants including PKSA) [19, 20, 74] and
steel slag aggregates [2, 8] were utilized separately in asphalt
mixtures, in some cases better than hydrated lime.

3.2.2. Cracking Resistance

The waste-based mixture exhibited a higher cracking
resistance performance, with a CT, , 85% higher than the
control. Several studies have also reported improved crack-
ing resistance of mixtures by incorporating steel slag [75-
78] and PKSA (and its variants) [22, 74] into asphalt mix-
tures. The frequently cited reasons have been the strong,
angular, rough-textured steel slag aggregates, which pro-
vide better interlocking, contributing to improved cracking
resistance [79], as well as the pozzolanic cementing nature
of PKSA which improves aggregate-binder adhesion and
overall durability. The better-cracking Resistance of the
waste-based mixture, despite its lower effective binder con-
tent of 4.2% compared to 4.3% of the control, suggested that
the PKSA-based mastic better tolerated cracking than the
mastic of the control mixture, which contained mineral fill-
er and hydrated lime. There is no established standard crite-
rion for DGA mixtures based on the C.T. index. However, it
is reported that poorly performing DGA mixtures typically
exhibit CT, , values below 70, while well-performing ones
usually yield values exceeding 100 [80].

3.2.3. Rutting Resistance

The rapid rutting test results showed that the waste-based
mixture possessed slightly lower rutting Resistance. Howev-
er, this finding was inconsistent with the Marshall quotient,
which indicated that the waste-based mixture had higher
rutting Resistance. This inconsistency between the two test
results suggests that factors other than those captured by
the Marshall quotient may influence the waste-based mix-
ture's rutting behavior. The RT, , is a shear strength-based
rutting performance indicator. Since rutting is considered a
shear failure, it is reasonable to suggest that the RT, , bet-
ter characterizes the rutting Resistance of asphalt mixtures.
Thus, it is logical to infer that the rapid rutting test is sen-
sitive to specific characteristics of the waste-based mix that
are not fully reflected in the Marshall Stability and Flow test.
Therefore, further analysis and investigation may be needed
to understand better the factors contributing to the rutting
behavior observed in the waste-based mixture. The Marshall
testing protocol involves the application of a monotonic
compressive loading along the circumference of a fully, later-
ally confined specimen, causing shear or deformation failure.
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The rapid rutting test, on the other hand, applies monotonic
compressive loading; however, as is done in the indirect
tensile test, the specimen is placed in a supporting concave
cradle before loading. Due to the three-point bending, this
process creates two separate shear planes along the speci-
men's diametral surface. In this study, only one shear plane
was developed since the supporting cradle was not used. It is
worth noting that the RT, , in this study serves as indicative
metrics to compare the rutting Resistance of the waste-based
and control mixtures. They should not be interpreted outside
the scope of this study.

3.2.4. Durability

The Cantabro abrasion loss test indicated that the con-
trol mixture was marginally better than the waste-based
mixture. While there is no widely accepted criterion of
Cantabro abrasion loss for dense graded asphalt mixtures,
for open-graded friction course mixtures, [81] specifies an
average Cantabro abrasion loss of 20% and 30% for unaged
and aged compacted specimens, respectively. In compari-
son, the maximum loss for an individual specimen is 50%.
The better abrasion resistance performance of the control
mixture over the waste-based mixture may be attributed to
the synergetic effect of the higher effective binder content
and 1% active filler (hydrated lime) of the control mixture.
Binder cohesion is crucial for abrasion loss resistance [82].
Hydrated lime has a high surface area and can absorb fines
present in the asphalt mixture. This absorption can lead to a
uniform distribution of fines within the binder, promoting
better cohesion in the asphalt mortar. Higher Cantabro val-
ues indicate less Resistance to material loss due to abrasion,
as the Los Angeles Abrasion Machine simulated.

4. CONCLUSIONS AND RECOMMENDATIONS

This study investigated the potential of entirely replac-
ing granite aggregates with steel slag and palm kernel shell
ash (PKSA) in a dense-graded asphalt mixture. The control
mixture incorporated granite aggregate and 1% hydrat-
ed lime as an active filler, while the waste-based mixture
utilized steel slag and palm kernel shell ash. The following
conclusions and recommendations are provided based on
the findings from this study:

o Steel slag and PKSA passed aggregate quality require-
ments for use in asphalt mixtures.

+ XRF analysis identified silica (SiO,) as the dominant
compound in the steel slag and PKSA, which is also
prevalent in granite aggregate. The steel slag and PKSA
also contained the cementitious compounds CaO,
MgO, and K,O, which might have benefited the mois-
ture damage resistance of the asphalt mixture.

o Despite the absence of hydrated lime in the waste-based
mixture, it exhibited similar moisture damage resistance
as the control mixture, which contained hydrated lime.

o The rapid rutting test and Marshall quotient predict-
ed contradictory rutting performance of the mixtures.
While the rapid rutting test suggested the control mix-
ture had higher rutting Resistance, the Marshall quo-

tient indicated otherwise. This inconsistency under-
scores the need to diversify asphalt mixture rutting
performance characterization.

o The waste-based mixture exhibited cracking Resistance
approximately twice as the control. The higher asphalt
binder content of the waste-based mixture might have
contributed to this observation.

o The Cantabro abrasion loss suggested that the control
mixture was slightly durable; however, the difference is
insignificant. Hence, both mixtures could have similar
durability in service.

o Overall, steel slag and PKSA have shown high potential to
replace conventional aggregates in asphalt mixtures thor-
oughly and are, thus, recommended for field performance
evaluation to confirm the observed laboratory perfor-
mance and possible implementation on real-life projects.
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1. INTRODUCTION

ABSTRACT

Magnetized water may act as a thickener in cementitious mixtures due to its slippery effect.
Therefore, it can be beneficial for the mixture to settle easily and to improve its strength. This
study investigated the effects of magnetized water passing through pipes with magnetic field
intensity (MFI) 8 and 10 on glass fiber reinforced concrete (GFRC). Three different mixtures,
the GFRC mixture produced with regular tap water, were obtained, and the properties of the
produced GFRC samples, such as 7, 14, and 28 days H-Leeb hardness, density, Ultrasonic
pulse velocity (UPV), flexural strength, compressive strength, and fracture mechanics were
investigated. In addition, SEM, EDS, FTIR, and TGA analyses were carried out to investigate
the change in surface tension in the internal structures of GFRCs produced with magnetized
water. Overall, the results were promising. Results showed a proportional H-Leep hardness in-
crease with curing time and density variations. Magnetized water reduced air voids, enhancing
sound transmission speeds. Flexural and compressive strength improved with magnetic water.
The study suggests significant contributions to energy savings and reduced production costs,
highlighting the efficient use of energy resources.

Cite this article as: Subasi, S., Ramazanoglu, D., Marasli, M., Ozdal, V., Hatipoglu, Y. & De-
hghanpour, H. (2024). Experimental investigation of mechanical and physical properties of
glass fiber reinforced concretes produced with different magnetized waters. J Sustain Const
Mater Technol, 9(3), 280-293.

composite containing a dispersion of natural or artificial
tiny fibers with high tensile strength. The fibers in its ma-

Concrete is a composite with a wide area of use as a
building material due to its high compressive strength,
hardness, and durability [1]. At the same time, concrete is
brittle and weak in tension. Low tensile and tensile strength
is the weakest aspect of plain concrete. These deficiencies
can be eliminated by retrofitting. Fiber-reinforced concrete
(FRC) is a relatively new concrete material made from hy-
draulic cement, aggregates, and reinforcing fibers. It is a

*Corresponding author.

trix increase the cracking strength of concrete [2]. There
is nothing new in this technique, as using fibers in con-
crete is very ancient [3]. At the beginning of the 20" cen-
tury, there were developments in the production of glass
fibers, mainly of the borosilicate type (E-glass). The first
production of Glass Fiber Reinforced Cement dates back
to the late 1950s when E-glass fibers were combined with
non-alkaline matrices. It was understood then that the al-

*E-mail address: heydar.dehghanpour@yahoo.com / haydardehgan@aydin.edu.tr

Published by Yildiz Technical University Press, Istanbul, Tiirkiye
BY _NC

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).


https://orcid.org/0000-0001-7826-1348
https://orcid.org/0000-0002-6356-5792
https://orcid.org/0000-0003-2684-1003
https://orcid.org/0000-0003-0033-0563
https://orcid.org/0000-0003-1045-9264
https://orcid.org/0000-0001-7801-2288

J Sustain Const Mater Technol, Vol. 9, Issue. 3, pp. 280-293, September 2024

281

kaline environment of hardened ordinary Portland cement
caused corrosion and loss of tensile strength of E-glass
fibers. Therefore, Glass fiber reinforced concrete (GRC)
production required unusual cement and was very limit-
ed. Unique alkaline-resistant glasses were only developed
and produced on a commercial scale in the late 1960s [3,
4]. Glass fiber reinforced concrete (GFC) is a material that
has contributed significantly to the economy, technology,
and aesthetics of the construction industry worldwide for
nearly 40 years [5].

Water that is exposed to a magnetic field is called mag-
netized water. At the end of this exposure, the physical prop-
erties of the water change [6]. The main difference between
regular water and magnetized water is the hydrogen bond-
ing. In normal water, water molecules behave in clusters
that slide over each other, resulting from hydrogen bonding.
As the hydrogen bond between these clusters and groups is
broken in the water entering the magnetic field, the num-
ber of water molecules moving collectively decreases. Thus,
the activity of the water increases [7, 8]. Magnetized water's
electromagnetic properties, thermodynamic bond angle,
dielectric constant, electrical conductivity, pH, solubility,
viscosity, surface tension, boiling point, and freezing point
differ from normal water [9]. Even if the magnetic field ef-
fect disappears, this change in the water shows its impact
for a long time [10]. Applying the magnetic field causes a
significant increase in the ultraviolet absorption of water.
The exposure time of water to the magnetic field increases
the absorption intensity of UV rays. In addition, magnetic
water, which has a lower surface tension than pure water,
turns into a more hydrophilic structure [11].

Surface tension in water is important for concrete's hy-
dration and hardening process. During hydration, cement
particles and water molecules react, forming a thin layer,
which prevents the reaction from progressing. Because of
this inhibition, the cement partially accompanies the reac-
tion. Therefore, the strength values of the cement particles
relative to the final concrete cannot be precisely obtained.
Using magnetized water instead of regular water in the
hydration process of concrete prevents the hydrate resi-
due from forming around the cement particles since the
surface tension is lower than regular water, thus allowing
more cement to mix with water. Therefore, an improve-
ment is observed in the strength values of the concrete to
be formed [11-13].

This study examines the effects on the mechanical and
physical parameters of GFRC concretes produced using
magnetized water obtained from equipment with two mag-
netic fields with magnetic field intensity (MFI) of 8 and 10.

2. MATERIALS AND METHODS

2.1. Materials

In this study, Mk37 Silver (1.222 Kg./5cm x 5 cm X
36 cm. / 8 magnetic fields. / 16 magnets) and Mk37 Gold
(1.490 Kg./ 5 cm x 5 cm x 45 cm. / 10 magnetic fields. / 20
magnets), which outer surfaces are aluminum anodized
and inner surfaces are chrome steel, with a diameter of %

Figure 1. The divergence of water molecules from each oth-
er by the effect of the magnetic field.

Table 1. Chemical components of mineral materials used in the
construction of GRC

components Cement Silica sand Calcined
(wt.%) kaolin
SiO, 17.46 98.57 59.78
AL,0, 3.27 0 1023
Fe 0, 021 0.17 0.44
CaO 63.04 0.29 9.91
MgO 1.67 0 1.59
K,0 0.34 0.16 0.9
Na,0 0.3 0 0.05
SO, 3.02 0 1.25
PO, 0.04 0.01 0.04
TiO, 0.09 0.12 0.15
Cr,0, 0.0021 0.0137 0.0186
Mn,O, 0.0042 0.0029 0.0077
LOI 11 0.39 16.24

inch and a minimum pressure strength of 2 Bar, were used
to obtain magnetized water (Fig. 1). CEM II/B-L 42,5R
Portland cement was the binder material. Silica sand with
a diameter of less than 1 mm was used as filling material,
and Calcined kaolin (2.52 g/cm’) was used as pozzolan-
ic. Fibro WR-78 was chosen as the superplasticizer. Al-
kaline-resistant glass fibers (AR-GF) with a length of 12
mm and a diameter of 14 um were used as the fiber. The
chemical components of cement, calcined kaolin, and
silica sand used in GRC production are summarized in
Table 1. Sample views of the materials used in the study
are shown in Figure 2.
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Figure 2. GRC concrete mortar components; CEM II/B-L 42.5R Portland Cement (a), Aggregate/Silica sand (b), Calcined
kaolin (c), Alkali resistant glass fibers (d), Plasticizer (e) and (f) Acrylic polymer.

Table 2. Type and proportions of materials used

No Material Type Amount
1 Cement Cimsa white 42.5 R 33.75 kg
2 Silica sand AFS NO: 30-35 37.95 kg
3 Water Tap water/MFI8/MFI10 12.00 kg
4 Polymer Betton Bettolatex 1.23 kg
5 Plasticizer Fibro WR-78 90.00 g
6 Mineral additive Calcined Kaolin 3.75 kg
7 Fiber Alkaline-resistant glass fibers 32 mm 3.27kg

2.2. Method

Spray and premix methods are generally used in GRC
production [14, 15]. In this study, the premix method was pre-
ferred. The GRC mixture of cement, aggregate, calcined kaolin,
and glass fibers was mixed in dry form for about 3 minutes.
Then, acrylic polymer, superplasticizer, and magnetized water
were added and mixed for 2 minutes. All mixes were produced
with a single design component specified in Table 2.

For compressive strength, cube samples of 50 mm?® were
prepared, and their 7, 14, and 28-day strengths were test-
ed according to the TS EN 196-1 standard [16]. Before the
compressive strength tests, the density values of the 7, 14,
and 28-day-old concrete samples were determined. In ad-
dition, Leeb hardness tests of cube samples were carried out

according to ASTM-A956 [17]. To determine the flexural
strength of the composites, the tests of 270 x 50 x 12 mm
samples at 7, 14, and 28 days were carried out according to
the TS EN 1170-4 standard [18]. Ultrasonic pulse veloci-
ty (UPV) tests were carried out according to ASTM C 597
standard [19] to determine the ultrasonic sound transmis-
sion velocity of GRC concrete samples. The morphologies of
GFRC samples were analyzed by scanning electron micros-
copy (SEM) on an FEI model Quanta FEG 250 in secondary
electron mode at 10 keV. Fourier Transform Infrared Spek-
trofotometre (FT-IR) analyses were performed to examine
the molecular bond properties of the samples. Thermogravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC) measurements were performed with Shimadzu DTG
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Figure 3. Compressive strengths of GRC composites pro-
duced with different magnetic waters.

60H - DSC 60 Thermal Gravimetric Analyzer with high pu-
rity nitrogen and 50 mL/min flow rate.

3. RESULTS AND DISCUSSION

3.1. Compressive Strength of GRC Composites

The compressive strengths of GRC concrete prepared
with water magnetized in different magnetic fields are given
graphically in Figure 3 according to different curing times
and magnetized areas. As evident in the graph and other
test results, curing periods have positively influenced the
compressive strength of concrete, and the use of magne-
tized water in mortar production is observed to enhance the
compressive strength performance of specimens compared
to those produced with normal water. The performances at
early curing periods, considered as 2 and 7 days, in GRC
specimens produced with water exposed to 8 magnetic
fields have shown increases of 12.4% and 14.9%, respective-
ly. The ratio of compressive strength performance at 28 days
is 2.48%, indicating a relatively lower increase compared to
the early ages. In GRC specimens produced with water pass-
ing through 10 independent magnetic fields, the compres-
sive strength performances for early periods were 14.7% and
18.0%, and a subsequent increase of 8.05% was observed in
the long-term aging at 28 days. An increase in NMF enhanc-
es the mechanical strengths of GRC concrete material.

Magnetized water is a type of water that has been treat-
ed under the influence of a magnetic field, which organizes
the water molecules and changes the physical properties of
the water [20]. This water can affect reactions and material
properties in the concrete mixture. Various studies [21-24]
show that magnetized water can positively affect concrete
strength. Magnetized water is thought to help arrange the
water molecules in the concrete mixture and hydrate the
cement particles more effectively. This can increase the ear-
ly strength of concrete and improve its overall mechanical
properties. However, these effects can vary depending on
many factors, so obtaining specific results for each concrete
mix and type of magnetized water is essential. The impact
of magnetized water on the strength of concrete will de-
pend on a number of factors, including various parameters
such as mixing proportions, type of cement used, strength,
and duration of the magnetic field [25].

In an experimental study, Ghorbani et al. [21] inves-
tigated that using magnetized water can positively affect
concrete mixtures, especially its effects on foam stability,
compressive strength, tensile strength, water absorption,
and microstructure of foam concrete. Tests conducted on
9 different mixtures prepared with water passed through a
constant magnetic field at various flow rates and in differ-
ent numbers showed that using magnetized water increases
foam stability and improves foam concrete's compressive
and tensile strength. However, a slight decrease in the water
absorption of the hardened foam concrete was observed.
The high compressive strength of samples with magnetized
water can be attributed to the high specific field compared
to normal water. The activity of magnetized water increases,
and the interaction with cement particles increases, which
can increase the compressive strength and split tensile
strength. Su et al. [22] have investigated the compressive
strength and workability of mortar and concrete mixed
with magnetic water. The study reveals a 9-19% increase
in compressive strength for mortar samples using 0.8-1.35
T magnetic water and a 10-23% increase for concrete sam-
ples. Additionally, magnetic water has improved the mortar
and concrete's flowability, slump, and hydration degree.

Keshta et al. [23] examined the impact of magnetized
water on the compressive strength of concrete. The results
indicate that the use of magnetized water increased the pH
value. The magnetic field was determined to raise pH by
12.6%, possibly due to a decrease in hydrogen ion concen-
tration. Additionally, the polarization of water molecules
and a reduction in hydrogen ions enhance the organization
of water molecules, improving the hydration process. This
results in greater cohesive forces applied to cement-based
material particles, enhancing concrete properties. The post-
use increase in pH due to magnetized water reduces corro-
sion rates and increases compressive strength. Acidic water
negatively affects concrete's compressive strength. From a
workability perspective, a higher pH positively influences
concrete workability; using magnetized water can reduce
slump values by causing minimal excess cement and fine
particles. Therefore, increasing the pH value of the water
used can improve concrete properties.

3.2. Flexural Strength of GRC Composites

The flexural strengths of GRC concrete samples pro-
duced with magnetic water appear to be higher than the
reference sample (Fig. 4). The direct relationship between
the number of magnetic fields and the magnetic effect of
water on homogeneous hydration in the flexural strength
tests has been observed. In the early-age flexural strengths,
the GRC concrete sample produced with water exposed
to 8 magnetic fields exhibited a flexural strength trend of
18.3% compared to the reference sample in 7-day speci-
mens. However, despite an increase in the 14-day strengths,
it demonstrated an 11.4% lower performance than the ref-
erence sample. Similar to other tests, magnetic water tends
to enhance the strength properties of the sample at early
ages. Although the strength property of the same sample
increased compared to the reference after 28 days, there
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Figure 4. Flexural strengths of GRC composites produced
with different magnetic waters.

was a 3.64% increase in the reference sample. In GRC sam-
ples produced with water exposed to 10 magnetic fields, an
increase in sound conductivity was observed, with higher
percentages of 53.1%, 43.1%, and 14.9% in 7, 14, and 28-day
curing times, respectively, demonstrating a tendency for
a decrease in increase proportional to the curing periods
compared to the reference sample.

Using magnetized water can cause cement particles to
interact more strongly with water molecules. This may con-
tribute to the cement matrix creating a stronger structure
and increasing its bending strength. Also, the positive ef-
fects of magnetized water on the flexural strength of cement
can be attributed to the C-S-H development in the cement
paste. There is no definitive information about how mag-
netized water affects the C-S-H (calcium silicate hydrate)
gel of cement because there are very few scientific studies
on this subject. However, some research suggests that mag-
netized water organizes water molecules, changing the mo-
lecular structure of water, and these changes may impact
cement hydration [26-28]. Cement hydration involves the
formation of C-S-H gel due to the reaction of cement par-
ticles with water [29]. It is thought that using magnetized
water may contribute to water molecules binding more ef-
fectively to cement particles and creating a more ordered
structure in the process [30]. This may lead to the forming
of a more solid and ordered structure of the C-S-H gel.

In addition to the effect of magnetized water, which is
the primary purpose of this study, the most crucial factor
affecting flexural strength is the glass fiber used in the mix-
tures. Glass fibers improve the flexural strength of cemen-
titious composites by increasing their tensile strength. This
ensures that the structural elements have a greater load-car-
rying capacity [31]. Glass fibers can limit the formation of
cracks in concrete. This prevents cracks from propagating
and ensures more consistent performance of the material
[32]. Glass fibers can help make concrete more resistant to
environmental influences (for example, freeze-thaw cycles),
thus ensuring the longevity of the material [33]. Glass fibers
can provide better shaping of the concrete mixture. This
will be advantageous in accommodating bending and ten-
sile loads, especially for architectural elements with com-
plex or fine details [34]. In glass fiber reinforced concretes,
the interaction of glass fiber with C-S-H gel during the hy-
dration process with cement plays an important role [35].
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Figure 5. Fracture mechanics curves of GRC beams pro-
duced with different magnetic waters.

Glass fibers can form a network surrounding the C-S-H
gel, which can reduce crack formation [36]. Additionally,
the surface properties of glass fibers enable hydration prod-
ucts to bind and form a strong bond. This interaction can
increase the durability and mechanical properties of glass
fiber-reinforced concrete, significantly improving tensile
strength and crack resistance [37].

3.3. Fracture Mechanics of GRC Composites

Within the scope of fracture mechanics, the amount of
energy absorbed by cementitious materials against fracture
is examined through the three-point bending test. This test
method creates a notch (crack) at one-third of the beam
cross-sectional height in the middle of pre-cast cementi-
tious beam specimens. Notched specimens are subjected to
loading until a fracture occurs [38]. This test can usually be
controlled by increased crack mouth opening displacement
(CMOD). The load-CMOD curves of GRC concrete sam-
ples obtained using water exposed to two different numbers
of magnetic fields are given in Figure 5. Considering the
load values in the graph, and it is observed that the maxi-
mum fracture load increases with the increase in the num-
ber of ME The maximum fracture load of GRC produced
with water passed through NMF 8 increased by 39% com-
pared to the reference, while the maximum fracture load
of GRC produced with water passed through NMF 10 in-
creased by 75% compared to the reference.

On the other hand, the magnetic field also positively
affected the samples' flexibility. Crack opening correspond-
ing to maximum load values was measured as 0.4, 0.62,
and 0.66 mm for samples with NMF numbers of 0, 8, and
10, respectively. Also, the increase in total CMOD values
proves magnetized water's positive effect on the samples'
elastic properties. The positive effect of magnetized water
on fracture mechanics can be attributed to the C-S-H devel-
opment and the compressive and bending strength results.
In addition, since the most important factor affecting the
fracture mechanics of fibrous concrete is the shape of the
fibers, it can be said that magnetized water also causes the
homogeneous distribution of the fibers.

Aligning steel fibers is an effective way to improve the
mechanical properties of steel fiber cement composites
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Figure 6. UPV results of GRC composites produced using
water with different magnetic properties.

(SFRC). Some studies have investigated creating a mag-
netized field to align the fibers in steel fiber-reinforced
concrete. However, no specific research has been found
regarding creating a magnetized field in synthetic fiber-re-
inforced cementitious materials or the mechanical behavior
of cementitious products produced with magnetized water.
Khan et al. [39] investigated the preparation and fracture
behavior of aligned hooked-end steel fiber cement-based
composites (ASFRC) using the magnetic field method. The
mixture's rheology and the magnetic induction of the elec-
tromagnetic field for aligning steel fibers were theoretically
analyzed. The results demonstrated that the cracking load
and ultimate load of ASFRC increased by approximately
24-55% and 51-86%, respectively, compared to SFRC. The
tensile strength and residual flexural strength of ASFRC in-
creased by 105% and 100%, respectively. ASFRC exhibited
56-70% higher fracture energy than SFRC, indicating that
the reinforcing effect of hooked-end steel fibers was superi-
or to straight steel fibers.

3.4. UPV Test Results of GRCs

The most common method for assessing the strength
quality of concrete is the compressive strength test. Alter-
natively, the ultrasonic pulse velocity (UPV) test can be
applied as a non-destructive method to obtain informa-
tion about the durability of concrete [40]. Figure 6 pres-
ents the UPV test results for GRC concretes produced
with magnetized water. The GRC matrix provides sound
insulation within the structure, consequently reducing the
transmission speed of sound waves. The increased sound
speed indicates the composite has a homogeneous and sol-
id structure. An increase in the speed of sound indicates
that the composite is in a homogeneous and robust state.
The voids within the structure change inversely with densi-
ty. For GRC composites produced with water exposed to 8
magnetic fields, the sound wave transmission ratios on the
early ages of the 2™ and 7" days have increased by 8.06%
and 5.52%, respectively, compared to the reference sample.
In the GRC composites produced with water exposed to 10
magnetic fields, the speed of sound has increased by 9.55%
and 10.7%, respectively. It can be inferred that water with a
higher MFI number has facilitated the formation of a more

Figure 7. Effect of water exposed to different magnetic
fields on H-Leep hardness values of GRC composites.

m2day m7day m2sday

density (g/cm3)

0 8 10
Magnetic field intensity (MFI)

Figure 8. Density values of GRC composites produced us-
ing water with different magnetic properties.

homogeneous structure with lower surface tension in the
cement-based composite, resulting in a structure with more
voids. Therefore, sound transmission has been accelerated
in the early stages due to the rapid transmission of magnetic
water. In the later stage of aging, on the 28" day, the sound
transmission speed of the concrete produced with magnet-
ic water exposed to 8 magnetic fields was observed to be
0.26% less than the reference sample. However, the sound
transmission speed of the GRC sample produced with wa-
ter magnetized by 10 magnetic fields continued to increase
by 2.88% compared to the reference sample. The increase in
MFI has ensured a more homogeneous hydration reaction
between cement and water in the GRC matrix, maintaining
the magnetic effect of water for a more extended period and
resulting in a structure with fewer voids.

When UPV values are compared with density values in
terms of the use of magnetized water and regular water, it
is evident that there is a parallel relationship between them.
However, both UPV and density values did not yield sig-
nificantly different results using magnetized water. In their
experimental study, Yousry et al. [41] investigated the me-
chanical properties and UPV values of cement-based mor-
tar using magnetic water. According to the results obtained,
while there were profound differences between the strength
values, the UPV results did not show a trend that could be
followed or trusted. UPV values are generally inversely pro-
portional to the void ratio within the material. Gaps make it
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Figure 9. FTIR spectra of GRC composites produced with different magnetic waters.

difficult for sound waves to propagate, resulting in low UPV
values, and a cement mat hasvoid ratio will generally have
higher UPV values [42]. UPV values are directly propor-
tional to the density of the material. A dense material allows
sound waves to be transmitted more quickly and effectively,
leading to high UPV values [43].

3.5. H-Leep Hardness Tests of GRC Compo

Hardness tests are a type ofprovidetructive testing that
provides information about the surface hardness of ce-
ment-based structural composite materials [44]. Figure 7
shows the effects of magnetic field and curing times on Leep
hardness values. The increase in curing periods has result-
ed in a proportional increase in hardness values for refer-
ence and other magnetized specimens. The rise in MFI has
facilitated faster initial increases in Leeb values compared
to the reference, with lower contribution rates throughout
the curing period. The increase in the specimen left for 2
days under exposure to 8 magnetic fields is observed to
be 9.88%, while for the specimen exposed to 10 magnetic
fields, this ratio is 13.6%. After a curing period of 7 days, a
decrease in percentage increases in Leeb values is evident,

with rates of 1.66% and 1.38% for samples exposed to 8 and
10 magnetic fields, respectively. For specimens with a cur-
ing period of 28 days, the increases in Leeb hardness values
are 0.24% and 1.24%, respectively. According to these val-
ues, it is observed that the magnetic water accelerates early
curing periods in H-Leeb values; however, as the curing pe-
riod increases, this effect diminishes.

The Schmidt hammer is the most commonly used test-
ing tool to estimate the compressive strength of concrete
non-destructively. However, few studies are in the literature
on applying the Leeb hardness test to estimate concrete
strength. The Leeb rebound hammer is a dynamic hardness
test method and instrument developed initially for testing
metallic materials. On the other hand, the Schmidt rebound
hammer showed different correlations with compressive
strength for concretes with different w/c ratios. The authors
also discussed factors influencing the hardness value, such
as surface moisture conditions and concrete carbonation.
They observed that the Leeb rebound numbers were high-
er for older concretes and weaker concrete compositions at
higher w/c ratios due to faster carbonation rates in more
porous systems.



J Sustain Const Mater Technol, Vol. 9, Issue. 3, pp. 280-293, September 2024

287

1.90K

171K Ca

Figure 10. SEM image and EDS spectrum of reference GRC composite.

Dehghanpour et al. [38] examined the hardness prop-
erties of Ultra High Strength Concrete (UHPC) structural
elements produced for facade elements. The results of the
Leeb and Schmidt hammer hardness of PVA, GF, and SF-re-
inforced UHPC samples were compared and evaluated. A
linear relationship was observed between Leeb and Rebound
number values for all mixtures, and it was stated that these
two hardness test methods were used to verify the values
obtained from each other. While Leeb hardness values de-
creased in samples with PVA added, a decrease was observed
in samples with GF added; There was an increase and decrease
in samples with SF added. Similar changes were detected in
Schmidt hardness values. The results showed that SF-rein-
forced samples had the highest hardness values. Compared
with the literature, it was concluded that the hardness values
obtained were suitable for high-strength concretes.

3.6. Density Values of GRC Composites

Before compressive strength evaluations, density mea-
surements of GRC samples were made. The values are sum-
marized in Figure 8. By the Archimedes principle, and these
measurements explored the variations in the density values
of GRC samples subjected to curing periods of 2, 7, and 28
days, as well as exposure to two different magnetic drinks
of water, one at 8 and the other at 10 magnetic fields. Den-
sity differences were observed within the specified curing
periods for reference samples, ranging between 1.94 and

1.97 g/cm’®. Samples produced with water obtained from 8
magnetic fields exhibited density values between 2.04-2.06
g/cm’, while those made with water passing through 10
magnetic fields showed a distribution between 2.01-2.07
g/cm’. In cement-based materials, density values are cor-
related with the water-to-binder ratio, where the binder
component is typically cement [45]. In this study, as the
water-to-cement ratio was kept constant, the variations in
density values were found to be dependent on both the age
of the concrete and the magnetic field.

The variation in density values of GRC concrete samples
is generally directly associated with the curing period. The
interaction of water in the mortar with cement hydration
and water's subsequent evaporation from porous structures
significantly influences density [46]. The magnetized water
ratio resulted in a decrease in density increase compared to
the reference sample, with a reduction of 5.07% on the 2
day, 4.87% on the 7" day, and 4.83% on the 28" day. In other
words, the magnetized water may have acted as a catalyst,
accelerating the early curing period but losing its magnetic
effect relatively quickly.

3.7. FTIR Analysis Results

FT-IR (Fourier Transform Infrared) analysis in cemen-
titious composites is a technique used to understand the
material's chemical composition and molecular structure
[47]. Since polymer binders are frequently used, especial-
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Figure 11. SEM image and EDS spectrum of GRC composite produced with water magnetized in eight magnetic fields.

ly in cementitious composites, this analysis can effective-
ly determine the polymer's type and molecular structure.
Because cementitious composites react with water during
the hardening process, FT-IR analysis provides information
on water content and hydration products [48]. This can af-
fect the durability and structural properties of the mate-
rial. FT-IR spectrum can identify various chemical bonds
and functional groups. This gives information about the
polymer material and additives or other ingredients with-
in the composite material [49]. Cementitious composites
often contain mineral additives. FT-IR analysis can help
determine the presence and amount of mineral inclusions
(e.g., quartz, calcite). FT-IR analysis can monitor chemical
changes when cementitious composites are subjected to ag-
ing, environmental influences, or chemical attack [50].

FTIR spectra of GRC samples produced with magne-
tized water are given in Figure 9. The absorption bands ob-
served at 3341.60 cm™ and 3414.00 cm™ in the spectrum
with a magnetic field strength of 8 (Ag) are attributed to the
vibrations of hydroxyl (-O-H) bonds in water molecules.
These bands are also present at 3396.64 cm™ in the refer-
ence spectrum. No hydroxyl band is observed in the spec-
trum with a magnetic field strength of 10 (Au). Previous
studies [51, 52] have suggested that this band is associated
with water molecules absorbed in voids formed on the sur-
face or during copolymerization.

The bands around 1400 cm™ are attributed to carbonate
groups (O-C-O) formed due to the atmosphere's reaction
between alkali metal hydroxides and carbon dioxide [47,

49]. The irregular strains associated with the (Si-O-X) bond
encompass all vibrations around 1050 cm™. X represents
silicon (Si) and aluminum (Al) atoms in a tetrahedral
structure. The (Si-O-X) bond supports the geopolymer-
ization process with the phases of the formed amorphous
aluminosilicates. Studies indicate that the sharp absorption
band is related to the number of tetrahedrally coordinated
aluminum in the geopolymer gel [53, 54]. Peaks between
750 cm™ and 800 cm™ are attributed to vibrations from
AlO4, while strong tension and vibration peaks between
950 cm™ and 1050 cm™* belong to Si-O-T (T= Al Si). AlO4
represents a chemical group in which aluminum forms a
tetrahedral structure with four oxygen atoms [55]. This may
be due to amorphous aluminosilicate phases present in the
cementitious composite, and these peaks provide informa-
tion about the aluminum content of the material. Si-O-T
represents tetrahedral structures formed by silicon bonding
with oxygen and other elements [56]. These peaks offer in-
formation about the bonding pattern of silicon and alumi-
num in the cementitious composite.

3.8. Characterization of SEM and EDS Analysis

The Figure 10, Figure 11, and Figure 12, respectively, de-
scribe the physicochemical changes in the structure of the
reference GRC sample and GRC concrete produced with wa-
ter exposed to eight and ten magnetic fields, illustrating al-
terations during the hydration process. It has been observed
that water exposure to a magnetic field leads to an increase
in conductivity and a decrease in surface tension. This indi-
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Figure 12. SEM image and EDS spectrum of GRC composite produced with water magnetized in ten magnetic fields.

cates the influence of the magnetic field on the structure of
water molecules. Following exposure to the magnetic field,
water molecules exhibit changes in their bonding angles, de-
creasing from 104.5° to 103° and forming single or more mi-
nor groups rather than clusters. The reduced surface tension
allows for more homogeneous water hydration with cement,
reducing the required water-to-cement ratio for setting. The
quality and type of raw materials used determine the physi-
cochemical and mechanical properties of the concrete.

Additionally, the quality and quantity of water play
a significant role in determining the strength of the con-
crete. In the literature, although detailed explanations of
how magnetic fields affect the structure of water are not
explicitly mentioned, it is observed that magnetized water
disperses cement particles more effectively compared to
regular water. Regarding the hydration of cement, the net
percentages of Ca, Al, and O elements, allowing for inter-
pretations, have been measured as 251%, 31.9%, and 226%,
respectively (Fig. 10).

According to the results of Energy Dispersive Spectrosco-
py (EDS) in Figure 11, the chemical element contents of the
examined samples have been considered. In comparison to
the reference sample, the GRC sample exposed to a magnetic
field shows the presence of 218% calcium (Ca), 0.09% alumi-
num (Al), and 142% carbon (C) elements. This indicates a
decrease in these elements compared to the reference sample.
Similarly, in the EDS spectrum of the GRC sample produced

with water passed through 10 identical magnetic fields (Fig.
12), 242% calcium (Ca), 45.6% aluminum (Al), and 257% ox-
ygen (O) elements were detected. In other words, the increase
in the number of magnetic fields has led to an overall increase
in the percentage of aluminum, carbon, and oxygen elements.
These results demonstrate that the magnetic field influenc-
es the chemical composition of GRC samples produced with
water, causing significant changes in element contents.

The microstructure of cement mortar produced with
water exposed to a magnetic field can be examined using
various analytical techniques. Electron microscopes, X-ray
scanning microscopes, and other relevant methods can be
employed to assess the microstructural properties of the
mortar. Water exposed to a magnetic field can influence the
crystal structures of the cement mortar [57]. This can lead
to changes in the crystal sizes, shapes, and distributions of
cement mineral phases. The impact of the magnetic field on
the water's structure can affect the porosity of the cement
mortar. Achieving a more regular microstructure or reduc-
ing porosity can enhance the material's durability. Water
exposed to a magnetic field can also influence the hydra-
tion process of the cement mortar, leading to the formation
of different hydration products [26]. This can impact the
mechanical properties of the material. This type of water
can affect the homogeneous distribution of minerals in the
cement mortar. This condition can determine whether the
material has homogeneous mechanical properties.
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Figure 13. TGA spectrum curves of GRC composites produced with different magnetic waters.
3.9. TGA Analysis %=Wne(t).Wne(teo)*100 (1)

Figure 13 shows the TGA analysis spectra of GRC sam-
ples prepared using water exposed to different numbers of
magnetic fields. The amount of C-S-H increases with hy-
dration and reaches its maximum level during heating. It
is possible to predict the amount of C-S-H by measuring
the water loss from C-S-H through TGA analysis. This
is because the dehydration and decomposition of C-S-H
and Aft (trisulfoaluminate-4Ca0.3A1,0,.3,H,0) phases
occur between 25 °C and 200 °C. However, the exact de-
composition temperature of C-H-S, i.e., the range of de-
parture of physically and chemically bound water content,
is unknown. For instance, Taylor and colleagues have de-
termined this range as 115-125 °C, while Odelson and his
group have predicted a 200-400 °C range for water loss in
C-S-H [58]. The water mass loss observed at 26.98-90.29 °C
in the reference sample is 0.573 mg, accounting for 4.908%.
For sample b with a magnetic field number (NMF) of 8,
the mass loss is measured as 0.598 mg at 83.98 °C-269.0
°C, corresponding to 5.701%. In sample ¢ with NMF = 10,
the amount of lost water mass is determined as 0.482 mg
at 30.01 °C-86.44 °C, accounting for 4.364%. The sample
obtained with magnetic water and an NMF of 8 shows that
the hydration amount is higher compared to the reference.
This is because the lost water amount is directly propor-
tional to the amount of C-S-H. Compared to the reference
sample, a higher cement hydration of 4.36% is observed.
The increase in the number of magnetic fields is evident in
the TGA graph of sample ¢, showing a more precise water
mass loss. The lost water amount measured as 0.482 mg in
sample C, produced with water passed through 10 magnet-
ic fields, is 15.9% higher than the reference sample.

It occurs between 105-130 °C. Some researchers say
this limit can be close to 100 °C or 145 °C [59]. A similar ex-
planation has been expressed for analyzing reactive powder
concrete [60]. The amount of bound water in reactive pow-
der concrete can be related to cement hydration through
the classical Powers equation (1).

Here, Wne(t) represents the amount of bound water at
time t, and Wne(teo) is the required amount of water for
complete cement hydration according to the calculation
by Czernin [61]. In this study, Wne(teo) is determined to
be 0.25. Thermogravimetry can also be used to predict the
pozzolanic reaction of silica fume. The content of calcium
hydroxide (Ca(OH),) can be calculated from the peaks ob-
served in the DTG curve between 400 °C and 500 °C. The
peak between 500 °C and 750 °C represents the decarbon-
ization of CaCO,. The decarbonization of calcium carbon-
ate was found to be 1.035 mg with 8.865% in sample (a),
0.342 mg with 3.261% in sample (b), and 1.094 mg with
9.906% in sample (c). An increase in the amount of calcium
carbonate is observed proportionally with magnetized wa-
ter. Between 105 °C and 1000 °C, the dehydration and de-
composition of C-S-H gel, C-H, and other hydrated prod-
ucts occur as water loss [62-64].

4. CONCLUSION

This study examined the changes in the physical and
mechanical properties of GRC (Glass Fiber Reinforced
Concrete) specimens produced with magnetic water ob-
tained by exposing them to 8 and 10 different numbers of
magnetic fields. According to the data, the H-Leep hard-
ness value increased proportionally with the curing time.
The increase in the number of magnetic fields resulted in
a 9.88% and 13.6% increase in H-Leep values during 2-day
intervals, 1.66% and 1.38% during 7-day curing, and 0.24%
and 1.24% during 28-day curing.

While the density values of GRC specimens increased with
curing periods, a decrease in density values over time was ob-
served in specimens prepared using magnetic water. It was
determined that magnetic waters reduced the air voids in the
composite structure, leading to an increase in sound transmis-
sion speeds. In samples produced with magnetic water, an in-
crease of 8.06% and 5.52% on the 2™ and 7™ days, respectively,
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was observed with 8 magnetic fields, and with 10 magnetic
fields, these increase rates reached 9.55% and 10.7%.

In bending strength tests, a proportional increase with
the curing period was observed in all GRC samples. Mag-
netic water increased the bending strengths of GRC samples
by 18.3%, 11.4%, and 3.64% during the 7, 14, and 28 days of
curing, respectively. The impact of magnetic water on com-
pressive strength resulted in a 12.4% and 14.9% increase in
the early stages and a 2.48% increase at the end of the 28 days.

In fracture mechanics analysis, a sample magnetized
with 8 magnetic fields reduced the fracture strength of the
GRC concrete beam by 37.1%, while increasing the number
of magnetic fields by 20% resulted in a 26.5% improvement
in fracture strength. In FTIR analysis, a 20% increase in mag-
netic fields did not show hydroxyl (-OH) and carboxyl peaks
(R-COOH). SEM-EDS analysis revealed that the increase
in the number of magnetic fields caused an increase in the
percentages of Ca, Al, and O elements. TGA analysis indi-
cated that a 20% increase in the magnetic field increased the
amount of lost water, thereby enhancing cement hydration.

In conclusion, positive results were achieved in the
physical and mechanical properties of GRC specimens
produced with magnetized water. The primary reasons for
this positive effect are the reduction of surface tension in
magnetized water and its contribution to better hydrolysis
with cement, resulting in a more homogeneous composite
structure. In future studies, the effects of magnetized water
on different cement composites can be investigated in more
detail. This study can contribute significantly to energy sav-
ings and reduced production costs, especially considering
global issues related to the efficient use of energy resources.
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1. INTRODUCTION

ABSTRACT

This study addresses the vital challenge of ensuring the safe storage of Liquid Natural Gas (LNG)
in spherical tanks during seismic events, focusing on the crucial balance between meeting seis-
mic performance criteria and mitigating economic losses due to potential operational disrup-
tions from necessary retrofitting efforts. In response to this challenge, we present a case study on
retrofitting an LNG tank near the North Anatolian Fault (NAF) line of Tiirkiye. Through a com-
prehensive seismic evaluation, this study reveals inadequacies in the existing case's compliance
with seismic criteria. It suggests a remedy involving the increased stiffness of lateral force-resist-
ing members coupled with the utilization of friction dampers. Following the proposed stiffness
increase achieved through retrofitting, our approach is fundamental to exploring alternative
damping mechanisms designed to enhance the steel column-brace support structure. One of
the key design challenges is the unique dynamic behavior of LNG, especially its sloshing during
earthquakes, which necessitates a comprehensive understanding of fluid-structure interaction
for accurate modeling and analysis. Through a series of transient analyses incorporating actions,
we evaluate the effectiveness of the proposed retrofitting measures on the structure. Our findings
introduce a feasible and efficient retrofitting strategy, marked by minimal operational interrup-
tion, primarily by avoiding the extensive demolition and reconstruction typically required.

Cite this article as: Ugar, Y., & Altan, M. F. (2024). Optimizing seismic performance: Integrat-
ing friction dampers into spherical liquid tanks. J Sustain Const Mater Technol, 9(3), 294-304.

given the risk of explosions or fires from LNG leaks. There-
fore, conducting an extensive seismic assessment of these

As lifeline structures of strategic importance, liquid stor-
age tanks are extensively used in the petroleum industry, ur-
ban water resources management, and nuclear power facilities
[1]. During an earthquake, LNG storage tanks may experi-
ence significant gas pressure, potentially causing damage and
permanent deformation to the steel structure [2]. Damage to
liquid storage tanks can disrupt essential infrastructure and
may result in fires or environmental pollution due to leaks
of flammable substances or hazardous chemicals [1]. These
tanks must comply with high seismic performance standards,

*Corresponding author.
*E-mail address: yunusucar@stu.aydin.edu.tr, yucar@ipkb.gov.tr

tanks is essential. If an LNG tank fails to satisfy the required
seismic performance criteria, retrofitting with either conven-
tional or advanced solutions becomes necessary. However,
the prolonged downtime and disruption in confined spaces
often render traditional retrofitting methods impractical. Ad-
ditionally, seismic forces tend to increase as the structure's
stiffness increases, necessitating foundation expansions [3].
Therefore, exploring alternative solutions to introduce addi-
tional damping to these structures is sensible, aiming to limit
seismic drifts without significantly increasing stiffness.
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Figure 1. Plan and elevation view of the LNG tank.

Previous studies have investigated the seismic perfor-
mance of LNG tank structures using seismic energy-dis-
sipating devices such as seismic isolators and dampers.
Seismic isolators, positioned at the base to isolate the
superstructure from earthquakes, exhibit low horizontal
stiffness but substantial vertical stiffness and strength to
support structural weight without differential movement.
While isolators significantly reduce acceleration, their
horizontal flexibility increases horizontal displacements
[1]. Gregoriou et al. [4] conducted dynamic analyses of
LNG tanks with seismic isolators, resulting in consid-
erable reductions in base shear and maximum strains.
Jadhav et al. [5] explored the impact of different isola-
tor settings on the seismic response of base-isolated fluid
storage tanks. However, structures located in near-fault
areas may experience increased displacement demands
due to large-pulse ground motions [6]. Saha et al. [7]
investigated the seismic behavior of liquid storage tanks
equipped with sliding systems and elastomer bearings
near fault lines. Based on the findings of the study by
Cergevik et al. [8], it can be inferred that base-isolated
structures in near-fault locations may require addition-
al damping devices such as viscous or friction dampers.
Structural dampers with passive control systems operate
through various mechanisms, including metallic, fric-
tion-based, viscous, and viscoelastic. In Calim et al. [9]
and Gulli et al. [10], the advantages and disadvantages of
various structural dampers with passive control systems
are discussed. Notably, friction dampers are commonly
favored due to their affordability, effectiveness, and com-
patibility with multiple bracing types [11]. Furthermore,
the stability and rigidity offered by friction dampers
make them particularly appealing [12].

The sloshing effect has also been a focal point in prior re-
search. Housner [13] used two lumped mass models for storage
tanks, assuming complete rigidity of the tank walls and ideal
liquid dynamics. Haroun and Housner [14] introduced a sim-
plified mechanical model that considers both the liquid-solid
interaction and the elastic deformation of the tank walls when
subjected to stress. This approach to modeling LNG storage
tanks incorporates various assumptions and simplifications to
navigate the complexities of fluid-structure interaction.

In this case study, we assessed the seismic performance
of an existing steel LNG tank, considering the fluid-structure
interaction and proposing retrofitting measures that include
the utilization of friction dampers. The study is organized
into several sections: Part 2 is an overview of the existing
structure, including structural details, soil conditions, and
regional seismicity. Part 3 focuses on the methodology for
modeling and analysis. The seismic assessment process and
retrofitting design are discussed in Parts 4 and 5, respective-
ly. Finally, our concluding remarks are summarized in Part 6.

2. MATERIALS AND METHODS

2.1. Existing Structure

This section presents an overview of the spherical LNG
tank's structural properties, corresponding site conditions,
and regional seismicity.

2.1.1. Structural Details

Considering that the LNG tank in question was de-
signed in 1990 and is located in a region of high seismic
activity, it has become necessary to evaluate the structure
against current performance-based design codes and spec-
ifications. The plan and elevation view of the structure are
depicted in Figure 1.
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Table 1. Structural member properties

Diameter of LNG Tank 212m
Column section CHS1000/10.1
Column height 121m
Spherical tank wall thickness Varies
Brace section 205x43 mm
Table 2. Site condition parameters

Shear Wave Velocity (average) (V) 400-450 m/s
Soil Class (ASCE7-16) C
Allowable Soil Bearing (o) 200 kPa
Vertical Subgrade Modulus (K) 75000 kN/m?
Horizontal Subgrade Modulus (K,) 35000 kN/m?*
Average Shear Strength of Soil (S) 140 kPa

Ground Water Level -

Thirteen steel columns support the tank, and steel brac-
es are utilized as lateral load-resisting members. Table 1
provides a summary of structural member properties.

2.1.2. Site Conditions

The LNG Tank is located on a site featuring a 1-me-
ter-thick layer of fill soil. Beneath this layer lies clayey sand
soil mixed with gravel at specific points. There were no in-
dications of groundwater presence throughout six boring
operations conducted on the site. The parameters detailing
the site conditions are summarized in Table 2.

2.1.3. Seismicity

The exact location of the site is marked in red in Fig-
ure 2. Regarding regional seismicity, the LNG tank is in
the Marmara region of Tiirkiye, a region rich in history
as the cradle of numerous civilizations and the epicenter
of several destructive earthquakes [15]. The area's seis-
motectonic characteristics, fault segments, and the re-
lated seismic source parameters have been the research
focus for many years, accompanied by earthquake cat-
alogs covering historical and instrumental periods. As
a result, various studies have been conducted to ana-
lyze the seismic sources of this region. In our research,
source parameters were adopted from Erdik et al. [15],
and the SHARE project model [16] was also employed.
While deterministic and probabilistic seismic hazard
analyses were carried out for the site, they are not de-
tailed in this study as they fall outside its scope. Still, we
provide the peak ground acceleration (PGA=0.96g) and
the spectral values (Ss=2.41g and S1=1.24g) obtained
for the considered event (with a 2% probability of ex-
ceedance in 2475 years).

The site is within 15 km of an active fault, necessi-
tating the consideration of near-fault effects. For this
purpose, CALTRANS (2013) near-fault model [17]
has been employed in this study (Fig. 3). By deriving
site-specific acceleration values and near-fault ampli-
fication factors, we constructed the simplified target
design spectrum curve by ASCE 7-10 [18]. Figure 4
demonstrates the MCER spectrum, which aligns with
the DD-1 design level for the Turkish Seismic Code
(TSC) (2018) [19].

Site location

Figure 2. Site location illustrated on the active fault map of the region [15].
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Figure 3. Near-fault effect by CALTRANS (2013) [15].
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Figure 4. Simplified design spectrum.

2.2. Structural Modelling and Analysis

Analyses of the structural behavior of the LNG storage
tank under seismic loads were conducted utilizing the flu-
id-structure interaction (FSI) approach, which integrates
finite element analysis (FEA) and computational fluid dy-
namics (CFD) models within ANSYS.

2.2.1. Analysis Model of the Existing Structure

The development of the structural analysis model
commenced with specifying the sheet thicknesses for the
shell elements. These thicknesses, applied across the en-
tire structure, are depicted visually in Figure 5. A mini-
mum sheet thickness of 5mm was applied to the lamellae
in the 13 steel columns, while the base plates featured the
thickest sheet metal, with a wall thickness of 51mm, as
shown in Figure 5.

The mesh necessary for the finite element analysis was
generated using linear SHELL181 elements for the sheet
metal components. The model comprises 65,000 nodes
and 55,000 elements. Connections across all components
are established through contact elements, with sourced
connections defined as edge-to-edge or edge-to-surface
types, depending on the requirements. The contact ele-
ments employed include CONTA172, CONTA175, and
TARGE170.

Geometry

Figure 5. FEA model of the tank-sheet thickness- isometric
view.

The adequacy of the mesh's resolution was confirmed
through natural frequency analyses conducted on an empty
tank, ensuring the mesh's reliability for the study. A mesh
convergence study was undertaken using three distinct
mesh sizes: 600 mm, 300 mm, and 150 mm, as depicted in
Figure 6. The study's findings determined that the optimal
mesh size for the main shell components is 300 mm, while
150 mm is suitable for the other parts. The final configura-
tion of the meshed model is demonstrated in Figure 7.

2.2.2. LNG Mass Modeling and Fluid-Structure

Interaction: Simulating Hydrostatic Pressure and

LNG Mass

The fluid-structure interaction (FSI) method allows for
accurate simulations of structural and fluid components.
This approach effectively models the hydrostatic pressure
induced by LNG and its mass inertia and dynamic behav-
ior with high precision and without numerical issues. Due
to the requirement for iterative data exchange between the
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Figure 6. Mesh convergence analysis- comparison of natural frequencies of an empty tank.
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Figure 7. Analysis model with meshes for structural analy-
sis- isometric view.

structural and fluid model solvers, this type of analysis
tends to have relatively longer resolution times.

In the finite element analysis model, movement in all
translational directions is restricted to zero at the joint
points on the 13 baseplate surfaces.

Standard gravity acceleration, directed vertically in the
Y-axis, is applied as 9.8066m/s* for the entire structure.

The pressure load data, derived from the CFD solution, is
assigned for the shell surfaces. In solving the FSI problem, the
deformations occurring on these surfaces are relayed to the
CED solver. Subsequently, both hydrostatic and dynamic pres-
sure values calculated by the CFD solver are transferred back
to these surfaces as a pressure load, as illustrated in Figure 8.

B: Transient Structural
Fluid Solid Interface
Time: 14,5

[J Fluid Solid Interface

2.5e+03

7.5e+03

Figure 8. Pressure deformation definition for FSI analysis.

The CFD model was developed with a mesh featuring
an element size of 300 mm to accommodate various solv-
ers. This mesh comprises 220,000 elements, as illustrated
in Figure 9. The model configures the interface between
LNG and air for the volume-of-fluid (VOF) method. The
liquid level within the tank is determined using the soft-
ware's volumetric ratio functions. By employing the values
of 366,400 kg for the empty weight and 3,216,400 kg for
the operating weight, the volume of LNG was calculated
to be 4913.79 m>. The specific Gravity of LNG is taken as
580 kg/m?>.

The model characterizes LNG and air as two distinct
immiscible fluids through the multi-phase analysis meth-
od. The Volume of Fluid (VOF) method determines the
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Figure 9. Mesh size for CFD analysis - 300 mm element
size with 220,000 elements.

fluid interface. At each iteration of the solution, hydrostatic
and dynamic pressures derived from the CFD model are
transferred to the structural model (Fig. 10). The material
properties considered in the analysis of these fluids are de-
tailed in Table 3.

The model's accuracy was verified by comparing the
reaction force values derived from static analysis. The to-
tal reaction force was anticipated to be 31.54MN, and the
study yielded a result of 31.50MN. This indicates a mere
0.23% discrepancy between the numerical model and
the engineer's calculations, demonstrating a high level of
agreement.

2.3. Seismic Assessment

The objective is to achieve the Life Safety (LS) perfor-
mance level under the Maximum Considered Earthquake
(MCE,) conditions.

To assess the structure's seismic performance, 11 pairs
of earthquake ground motions presented in Table 4 were
selected and scaled to align with the target spectrum for an

Table 4. Selected ground motion records for time history analysis

Absolute Pressure
Contour 3
1.979e+05

1.867e+05
1.756e+05
1.645e+05
1.533e+05
1.422e+05
1.310e+05
1.199e+05
1.088e+05
9.762e+04

8.648e+04
[Pa]

10.000 (m) )k‘ K
 E—

2500 7.500

Figure 10. Free LNG surface (green color) and hydrostatic
pressure distribution.

Table 3. Material properties of fluids

Material Specific gravity (kg/m?) Viscosity (kg/ms)
LNG 580 0.00113
Air 1.185 1.831e-5

earthquake level corresponding to a return period of 2475
years (2% probability of exceedance in 50 years). Another
Yarimca record from the Kocaeli Earthquake has also been
used in the retrofitted case analysis to examine the struc-
ture's response to pulse actions.

Although recent studies have shown that energy spectra
should be used for earthquake record scaling, simple scal-
ing was used in this study [20]. Studies have also shown
that the site-dominant period is an essential criterion for
scaling [21, 22].

The scaling process involved adjusting both com-
ponents of the seismic records to RotD100, as the most
critical impact on such structures often results from
maximum ground motion in a single direction. A com-

Record name Earthquake name Magnitude Joyner-Boore distance (km) Vs30 (m/s) Style of faulting
RSN6 Imperial Valley-02 6.95 6.09 213.44 Strike-slip
RSN26 Hollister-01 5.6 19.55 198.77 Strike-slip
RSN30 Parkfield 6.19 9.58 289.56 Strike slip
RSN95 Managua, Nicaragua-01 6.24 3.51 288.77 Strike-slip
RSN99 Hollister-03 5.14 8.85 198.77 Strike-slip
RSN102 Northern Calif-07 5.2 82 21931 Strike-slip
RSN147 Coyote Lake 5.74 8.47 270.84 Strike-slip
RSN158 Imperial Valley-06 6.53 0.0 259.86 Strike-slip
RSN214 Livermore-01 5.8 15.19 377.51 Strike slip
RSN233 Mammoth Lakes-02 5.69 291 382.12 Strike slip
RSN236 Mammoth Lakes-03 591 2.67 382.12 Strike slip
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Scaled Ground Motion and Target Spectrum
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Figure 11. Scaled ground motions vs. specific target response spectrum (semi-log scale).

Table 5. Analysis results for friction dampers with different yield strengths and base shear reduction

Yield strength [kN]

Existing 100 200 350 500 1000
Base Shear [kN] 27359.73 8711.09 8777.27 8623.73 8918.18 11286.09
Top Column Displacement [cm] 12.55 17.98 14.42 1241 11.16 8.37
P [kN] 4799.91 3043.55 3204.27 3184.73 3234.36 3543.73
M2 [kNm] 1297.91 2127.55 1546.64 1796.45 1643.09 1313.73
M3 [KNm] 2441.55 2997.91 3225.82 2303.55 1986.91 1679.18
Link Displacement [cm] - 5.51 4.05 3.26 2.75 1.60

parison between the target spectrum and the spectra of
scaled ground motions is displayed in Figure 11, utilizing
a semi-logarithmic scale.

During seismic performance assessment, steel col-
umns and brace elements have been checked against
criteria provided in ASCE41. Accordingly, the columns'
total rotation and brace axial deformations have been
calculated. The shell stresses have also been monitored.
Key results from the seismic performance assessment
include the columns' rotation and braces' axial defor-
mation, as shown in Figure 12. Finally, the maximum
top displacement values were calculated for each ground
motion. The top displacement values and the seismic-in-
duced deformation of the LNG tank are also visualized
in Figure 13.

After assessing the existing structure, it was determined
that it failed to meet the necessary criteria, indicating a need
for retrofitting. The failing mechanism starts with compres-
sion failure and subsequent buckling of the brace elements,
followed by the exceedance of the plastic rotation capacity
of the column elements.

2.4. Seismic Retrofit Design

Various retrofit options have been researched, includ-
ing (A) conventional retrofitting using larger columns
and brace sections, (B) seismic isolation, (C) viscous
dampers, and (D) friction dampers. Conventional retro-
fit alternatives have been eliminated due to the extended
construction downtime and foundation retrofit require-
ment, which prevent access to critical nearby facilities.
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Figure 12. (a) Column rotation, (b) Steel brace axial com-
pression strains, and (c) shell von mises stresses for existing
LNG tank.
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Figure 13. (a) Top displacement values and (b) Deformed shape of LNG Tank*.

*CP stands for Collapse Prevention, LS for Life Safety, and IO for Immediate Occupancy performance levels.

The seismic isolation option is eliminated due to the high The primary motivation for selecting friction-type

displacement demands, which require the replacement dampers was to enhance the structure's damping and
of many pipelines. Viscous and Friction damper retrofit ~diminish the base shear forces experienced during seis-
solutions, were found rational; however, due to stricter ~mic events. For this case, linear friction dampers have
drift values, friction-type dampers (Fig. 14) emerged as been used.

the preferable solution. The retrofitting model is presented in Figure 15.
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Figure 14. Friction damper type.

Analysis revealed that the current braces were operating
beyond their capacity, necessitating their replacement with
CHS 219.1/16 pipe profiles in conjunction with the intro-
duction of friction-type dampers. The newly added brac-
es were chosen based on their ability to exceed the axial
compression load capacity of the dampers. This retrofitting
strategy eliminates the need for further modifications to the
existing structure.

Friction dampers featuring varying yield strengths
were evaluated to identify the optimal retrofit configura-
tion (Table 5).

Typical base shear and top deformation plots have been
provided in Figure 16.

As demonstrated in Table 5, the friction damper with
a yield strength of 350kN offers the optimal solution. This
is because an increase in yield strength directly increases
earthquake demands, thus increasing the base shear and
potentially necessitating foundation retrofitting. The hys-
teresis curve of friction damper with 350kN yield strength
and 5 cm target displacement is provided in Figure 17.

Analysis results with friction damper having 350kN
yield strength indicate that the average displacement at the
top of the columns, relative to the foundation, is 12.41cm,
corresponding to 1% of the column height.

Based on the obtained rotation values, capacity evalua-
tions of the columns showed that the Immediate Occupan-
cy limit, as specified by ASCE 41-13 [23], was not exceeded
on average. It was noted that columns, which previously
partially exceeded their capacities, remained within their

Figure 15. Model of retrofitted LNG tank with friction
damper.

capacity values after strengthening. The deformed shape of
the retrofitted LNG tank is depicted in Figure 18.

The rotation demands of the steel column for the retro-
fitted structure decreased by 10% compared to the existing
LNG tank. Furthermore, the axial strain demand of braces
in the retrofitted LNG tank structure remains within the
strain capacity, as shown in Figure 19. Based on the updated
ESI analyses, it has been determined that a reduction in the
velocity response reduced the inertial and sloshing forces of
the included viscous materials by as much as 70%.

3. RESULT AND DISCUSSION

This study focused on the seismic performance assess-
ment and retrofitting of an existing steel LNG Tank near the
North Anatolian Fault (NAF) line. The evaluation revealed
that the structure's column rotations and the axial deforma-
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Figure 16. (a) RSN6 record base shear plot and (b) RNS6 record top displacement plot.



J Sustain Const Mater Technol, Vol. 9, Issue. 3, pp. 294-304, September 2024

303

Force (kN)

-400
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.01

Displacement (m)

Figure 17. Hysteresis behavior of friction damper (yield
strength 350 kN).

tions of the braces did not satisfy the desired seismic perfor-
mance criteria. Consequently, a retrofitting approach was
proposed, incorporating friction dampers alongside new steel
braces. The primary aim of introducing additional damping
was to minimize operational downtime during the retrofit
process and to eliminate the need for foundation retrofitting.

4. CONCLUSION

Implementing friction dampers successfully reduced
the inertial, sloshing seismic loads and the total base shear
demand on the structure, eliminating the necessity for
foundation retrofitting. The total base shear reduction is ap-
proximately 68%, the increase in the top displacement is ap-
proximately 3%, and the decrease in the column axial forces
is approximately 34%. The expected nominal displacement
of the link elements is approximately 35 mm. Since the yield
force of the links is constant, the member results are not
significantly affected by ground motions, including pulse
behavior; however, a slight increase in the link and top dis-
placement is observed. This study does not address the long-
term effects due to heat, dust, stick-slip, or other mainte-
nance-related factors, which will be that's for future research
together with instrumentation of the retrofitted structure to
collect data from actual seismic events, enhancing the un-

‘ cP

Figure 18. Deformed shape of retrofitted LNG tank.
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