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Article Info Abstract

The impact of Nanoparticles of (AL,0;and CaC0s) particles on the features of

Article history: cement mortar was explored in current research with a mean diameter of

~50nm, and 100nm in three various amounts of 1, 3, and 5% substitution by
Received 06 Aug 2023 cement’s weight as binary blending materials with fixed water/cement
Accepted 10 Dec 2023 proportion 0.46. Cement mortar's mechanical and physical features

(compressive strength, density) were tested after 7 and 28 days. The findings
Keywords: illustrated that utilizing nanoparticles of AL,0; improved the mortar

compressive strength at early ages at 7 curing days better than 28 curing days,
Cement mortar; and 3% of substitution was the optimal proportion. Also, utilizing nano-CaC05
AL,03and CaCO3 as a binary blending mixture with substitution proportion (1, 3, 5%) by cement's
nanoparticles; weight improved mortar compressive strength at early ages at 7 curing days
Compressive strength; better than 28 curing days. However, there were no apparent effects when
Density; nanoparticles of (AL,0; and CaCO;) were replaced on the density and ultrasonic

pulse velocity of cement mortar at 7 and 28 days. The interaction impact of
substitution 1 and 3 percent of nanoparticles of (AL,0; and CaC05) particles to
cement mortar increased the CS by (28 and 74%) at 7 curing days and (30 and
42%) at 28 curing days, respectively.

Ultrasonic pulse
velocity

© 2024 MIM Research Group. All rights reserved.

1. Introduction

Ordinary Portland cement (OPC) is a type of cement that is commonly utilized in concrete
and mortar. It is made by heating limestone and clay at high temperatures and grinding
the resulting material into a fine powder [1-3]. OPC is the most common type of cement
utilized in various applications, including foundations, driveways, sidewalks, and walls. It
also creates various structures, including bridges and dams [4,5]. OPC is highly durable
and has a long-life span. It is also relatively inexpensive and has a high compressive
strength (CS), meaning it can withstand much pressure. OPC concrete is made by mixing
OPC with water and aggregate (sand, gravel, or crushed stone). This mixture is then poured
into forms and allowed to harden. OPC concrete is strong, durable, and has a long life span,
making it a popular choice for construction projects [6].

Portland cement is an essential concrete component, producing significant amounts of CO2
throughout its manufacturing process [7]. The primary sources of CO2 emissions come
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from burning fossil fuels (coal and natural gas) utilized to heat the rotary kiln and from the
calcination process [8,9]. Other sources of emissions include the burning of fuels to drive
the grinding and mixing equipment and the movement of materials throughout the cement
manufacturing process [10,11]. However, several alternatives to OPC can be utilized in
place of it [10-21]. These alternatives include fly ash, slag cement, silica fume, and the
Nanomaterials that have recently been utilized in a cement matrix, which involved various
types, including Nanoparticles of Si02, TiO2, AL,0;, carbon Nano-fibers, Fe203, and
CaCO0;. It was detected that the nanomaterials utilized in cement and concrete improve
their mechanical, physical, and other features [22].

Ali Nazari et al. [23] explored the impact of AL,0; with nanoparticles on the strength of
concrete. Nano-AL,0; with four various amounts of 0.5, 0.1, 1.5, and 2.0 percent by
cement's weight. The mean particle size of AL,0; with nanoparticles is 15nm, with a
water/binder proportion of 0.40. Cubes with a 100mm edge were cast and compacted in
two layers on a vibrating table. The CS of concrete made without add had (27.3, 36.8, 42.3)
MPa at (7, 28, and 90) days. However, by increasing AL, 05 nanoparticles to 2.0, the CS had
(27.5,37.7, 42.6) MPa at (7, 28, and 90) days, respectively. It indicates a reduction in CS
with no discernible cause. According to the researcher, "it might be since the AL,0;
nanoparticles greater than the required amount to incorporate with liberated lime
throughout the process of hydration, resulting in excess silica leaching out and causing a
deficiency in strength as it substitutes some of the cementitious material but does not
contribute to strength. Additionally, the weak areas might result from faults created
throughout the dispersion of nanoparticles.

Arefi et al. [24] investigated the impact of adding AL, 05 nanoparticles on cement mortar
features. AL, 05 nanoparticles with a mean particle size of 20nm were utilized with three
amounts of 1, 3, and 5 percent by cement’s weight—water/binder proportion of 0.42. For
compressive tests, cubes of size 50x 50 x50 mm in three layers were cast and compressed
by 10 impacts of a steel rod. This study illustrated that CS without add had 11.96MPa at 7
curing days, while concrete made with 1 percent of AL,0; with nanoparticles had (17.25
MPa), with 3 percent had (19.54MPa). However, by increasing AL,0; nanoparticles to 5
percent, the CS had (10.9 MPa). That means the mechanical features are reduced severely
by increasing AL,0; nanoparticles to 5 percent. The researcher thinks it may be due to
reduced nanoparticle distance and Ca (OH)2 crystals since limited space cannot grow to
the appropriate size. This factor, along with the agglomerated nanoparticles, causes a
reduction in CS.

Liu et al. [25] investigate the impact of nanoparticles of CaCO; on cement paste.
Nanoparticles of CaC0O; were added to three various substitutions (1, 2, 3 percent) of
cement weight and the mean particle size (15-50) nm. The water/cement proportion was
0.45. The CS test was done at 7 and 28 curing days. Samples were cubic bars with the size
(20*20*80) mm. The result illustrated that the CS in the two ages increased with CaCO;
until it reached 20 percent and then reduced when CaC0O; was 2 percent; the CS had (111.2
percent and 108.6 percent) at age (7 and 28) curing days, respectively. “Since the
consuming and refinement of Ca(OH): grain, which occurred throughout the hydration of
cement, especially at early ages".

Barbhuiya et al. [26] Conducted a study to find the impact of AL,0; with nanoparticles on
the CS of cement paste at an early age. AL, 05 with nanoparticles with a mean particle size
of 27-43nm were utilized, two various replaced with 2 percent and 4 percent by cement's
weight, the water-to-binder proportion of 0.4. Cubes of 50mm size were cast and vibrated
on the vibration table. The CS of hydrated cubes was calculated at 1, 3, and 7 curing days.
This research illustrated that the CS of cement paste having 2 percent and 4 percent nano-
AL, O, increased slightly at 1 and 7 curing days. It was noticed that adding nano-AL, 0 in
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cement paste does not directly impact CS because the changes in CS at 1, 3, and 7 curing
days are minimal.

AL Ghabban et al. [27] explored the impact of nanoparticles of CaCO; in concrete.
Nanomaterials were added in four various substitutions (1, 2, 3, and 4 percent) of cement
weight in the concrete mixture, with a water/binder proportion of 0.32. The test samples
utilized were cubic with dimensions (150 *150*150) mm for the CS test. The result that
concretes made with (0, 1, 2, 3, and 4 percent) had (52, 54, 58, 60, and 63) MPa at 28 curing
days. It has been detected that an increase in CS (4 percent) at 28 curing days, and the
optimal dosages for nanoparticles of CaCO; were 4 and 3 percent, respectively, for
improving the mechanical features of concrete.

Cosentino et al. [28] conducted to find the impact of nanoparticles of CaC0O5 in cement
mortar. CaC0O; nano partials with a mean diameter of 60nm were utilized with four
different substitutions (1, 2, 3, and 7 percent) of cement weight. Cement mortar made
without add had 40.16 MPa at 7 and 53.28 MPa at 28 curing days. Substitution of
nanoparticles of CaCO; with (1, 2, 3, 7 percent) had (40.16, 43, 38, 44.16) MPa respectively
at seven days, and (53.28, 55, 51.78, 50.81) MPa respectively at 28 curing days. The CS
increased by 7 percent for seven days, but at 28 curing days, the CS reduced. Since poor
dispersion and the agglomeration phenomena of the nanoparticles in the slurry and the
cement matrix."

Jawad et al. [29] determined the impact of various nanomaterials on the CS of cement
mortar. Four amounts of AL,0; with nanoparticles were utilized as a partial substitution
of 1, 1.5, 3, and 5 percent by cement's weight. W/C proportion of 0.45. Cubic samples with
dimensions 50x 50 x50mm of cement mortar were produced for CS after 7 and 28 curing
days in water. The CS without add had (22, 26) MPa respectively at (7, 28) days.
Nevertheless, with (1, 1.50, 3, and 5 percent), the CS recorded (23, 27.7, 32, 33) MPa at
seven days and (26.5, 30, 36, 38) MPa, respectively, at 28 curing days. It has been detected
that the CS of mortar can be increased gradually by increasing the amount of AL,0; with
nanoparticles up to 5 percent by the weight of cement. The increase in CS of cement mortar
since the fast consumption of Ca(OH): developed throughout the Portland cement
hydration, especially early, is related to the high reactivity of AL,0; with nanoparticles.

Iskra-Kozak and Konkol [30] illustrated the impact of AL, 05 with nanoparticles on cement
mortar's physical and mechanical features at early and later ages. Four amounts of 1, 2, 3,
and 4 percent of AL,0O; with nanoparticles, respectively utilized by cement's weight. The
water/binder proportion was 0.5, and the binder to the sand proportion was 1:3. Three
samples of each additive were made, and the CS of the mortars was tested after 7, 28, and
90 days of curing. The CS without add had (28.2, 36.9, 42) MPa respectively at (7, 28, 90)
days. Nevertheless, with (1, 2, 3, and 4 percent) the CS recorded (34.1, 32.4, 31.6, 29.9)
MPa, respectively, at seven days, had (39.5, 40.0, 39.6, 36.8) MPa, respectively at 28 curing
days and had (47.3, 46.3, 44.6, 44.1) MPa respectively at 90 days. The highest CS of mortars
is observed by adding 1 percent AL,0; with nanoparticles. However, with the increase of
the addition of nano alumina oxide, the CS of the mortar reduced since the nanoparticles
of AL,0; lead to the formation of agglomerates in the structure of the mortar, and this
phenomenon findings from the high specific surface area of the AL,0; with nanoparticles.

Muhsin and Fawzi [31] explored the impact of nanoparticles of CaCO; on concrete.
Nanomaterial was added in three various substitutions (0.75,1,1.5 percent) of cement
weight. The mean particle diameter is 100 nm. By utilizing standard cubic samples
(50*50*50) mm, the findings illustrated that the CS increased (11.4, 39.3, 23.7 percent) at
seven days, (5.8, 28.2, and 4.6 percent) at 28 curing days. Also, the result demonstrates
that 1 percent of nanoparticles of CaC0; give the highest CS at all ages. "Since there is high

859



Humad et al. / Research on Engineering Structures & Materials 10(3) (2024) 857-871

surface energy throughout the hydration process, they grow and form a clump with
nanoparticles as a nucleus that work on increasing and accelerating the hydration process.

Many studies have been directed toward improving the mechanical features of cement
mortar by utilizing nanoparticles, including nanoparticles of (AL, 05 and CaCO;) particles.
Most researchers noticed that substituting AL,0; with nanoparticles up to 4 percent and
5 percent by cement weight reduces the CS of cement mortar. At the same time, some
authors observed that substituting 5 percent of AL,0; with nanoparticles increases the CS,
and others observed that substituting AL,0; with nanoparticles did not impact CS. Most
researchers noticed that with substitution nano-CaC0O5; up to (3,4, and 7 percent) by
cement's weight, the CS increased at 7 and 28 curing days, while some observed the CS
reduce at 7 and 28 curing days. Previous research found findings inconsistent when
utilizing various proportions of nanoparticles of (AL,0; and CaCO03). Therefore, this
research aims to study the impact of adding nanomaterials, including [nanoparticles of
(AL,0; and CaCO03)], to cement mortar and find the best percentage of adding
nanoparticles to improve cement mortar's physical and mechanical features.

2. Material and Methodology
2.1. Materials
2.1.1. Cement

Ordinary Portland cement was utilized; the physical and chemical features are illustrated
in Table 1. This work utilized locally available natural sand with a fineness modulus of 2.17
as fine aggregate. The grading of this aggregate was zone 3 as limits of Iraq requirements,
No.45/1984.

Table 1. The chemical and physical features of cement.

Amounts
Chemical composition ng)ght Limits of Iraqi Rf(:;llzl_l;efglents NO0.5/2019
%)
Cao 60.60 -
Si0: 19.80 ---
AL203 4.80 ---
Fe203 3.00 ---
MgO 3.50 < 5.0 percent
SOs3 2.22 < 2.8 percent if C3A > 3.5 percent
Loss on Ignition (L.0.1.) 3.10 < 4.0 percent
The insoluble residue (I.R.) 0.70 < 1.5 percent
OPC main compounds (Bogue's Eq.)
Tricalcium silicate (C3S) 59.63
Dicalcium silicate (C2S) 11.78
Tricalcium aluminate
(CsA) 7.64
Tetra calcium alumina- 912
ferrite (C4AF) )
Test name Findings Limits of Iraqi R(E[?;l;e%lents NO.5/2019
Fineness (Blaine method), -
(m2/keg) 320 > 280
Setting time (Vicat’s
method), 90 245
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Initial setting time (min.) 5 <10
Final setting time (hr.)
Compressive strength

(MPa),
Early strength (2 days) 24 =20
Standard strength (28 43 2425

curing days)

2.1.2. Supplementary Materials

Nano-AL,0; with a mean particle size of ~50 nm. The physical and chemical features of
AL,0; with nanoparticles are given in Table 2; also, Nano-CaC05 has a mean particle size
of less than 100nm. The features of CaC0O; with nanoparticles are illustrated in Table 3.
Finally, tap water was utilized throughout this work for mixing and curing.

Table 2. Physical and chemical features of nano-AL,05.

® & Purit Mean
g2 particle Density Ca K Cu Mg Fe Mn Zn Si
== y size
99.9+
1%}
3 perce
=
= nt 50 nm 31 <100 <100 <10 <50 <100 <50 <50 <100
5  (trace
T
= metal
basis)

Table 3. The physical and chemical features of nano-CaC0;.

Residue

Features Appearance Density  Size Specific MgO Moisture .LOS.S.OH on Caco,
area amount  ignition . amount
Sieve
Magnitudes White 25  >100 =220 <08 <09 44x1 <002 296
powder
The insoluble
Features Alumina + Iron oxide PH matter with Activation rate borp Zgzgrbed
acid
. 8.5-
Magnitudes <0.3 97 <0.3 295 35-55
2.1.3. Sand

Locally available natural sand is applied as a fine aggregate conforming to the
requirements of [32]. The fine modulus of 2.42 sulfate content is 0.1% with a density of
fine aggregate of 1600 kg/m 3. The fine aggregate was utilized in the surface's saturated
and dry state and has been utilized in the current study. The grading of fine aggregate is
demonstrated in Table 4.

Table 4. Fine aggregate grading

Sieve size (mm) Percent Passing %

10 100

7.75 93.5

2.36 84

1.18 75.5

0.6 50

0.3 20

0.15 4
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2.2. Mixing Procedure and Samples Preparing

In this study, nine types of mixes were produced to find the impact of nanoparticles of
(AL,05 and CaCO03) on the CS of cement mortar. These mixes were [A, B1, Bz, B3, C1, Cz, C3,
B1+C1 and B2+Cz]. Type-A mixture was produced of fine natural aggregate, cement, and
water. Types-(B1, Bz, Bs, C1, Cz, C3) were produced with various contest of nanoparticles of
(AL,0; and CaCO0;) particles. The mixes have been produced with cement substitution (1,
3, 5 percent) by weight. Types- (B1+C:i and B2+Cz) mixtures were produced with
nanoparticles of (AL,05; and CaCO0;) particles and the cement substitution (1, 3 percent)
by weight. In the initial step of mixing the nanomaterials, the binder to the sand of 1:2 and
the w\c of 0.46 (water =300 ml and cement =) was mixed in a dry condition for one minute
and another two minutes after adding the water. Cubes with size 50 x50 x50 mm for the
CS tests were cast and compacted in two layers on a vibrating table, where each layer was
vibrated for 15 s. The mold was covered for 24 hours. Then, the samples were de-molded
and cured in water for the test day. The concrete samples' compressive strength (CS) tests
were determined at 7 and 28 curing days (three samples for each mix and the average
value). The mixtures with nanoparticles of (AL,0; and CaCO;) are presented in Fig. (1)
and Table (5).

The ultrasonic pulse velocity of the high-strength concrete was measured using Pundit
Lab+ according to BS:12504 [33] requirements. It had a bandwidth between 24-500HZ.
The Ultrasonic pulse velocity (Pundit Lab+) is demonstrated in Fig. 1(b).

The density of the concrete was measured with 150x150x150 mm cubes by the ASTM C
642-13 standard [34]. The dry density of concrete cubes can be determined through a
series of steps. Firstly, the specimens are subjected to drying in an oven at a temperature
of 110 degrees Celsius for one day. After this, the specimens are submerged in water for
another day. Their wet weights are recorded once the specimens have reached a stable
state. Finally, the samples are weighed again while submerged in water to obtain the
weights. The investigation was conducted at the respective time intervals of 7 and 28 days.
The density of cubic concrete samples can be determined by employing the formula
outlined in the reference [35].

Wy

Dry density = * B, (1)

WZ—W3
Where:

W;: The dry weight of the sample (g), W,: The wet weight of the sample (g), W;: The
immersed Specimen weights in water (g), P,,: The water density equals (1 g/cm?3).

Fig. 1. (a) Various mortar cubes, (b) Test of Ultrasonic pulse velocity, (c) compressive
strength test machine.
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Table 5. The mixtures of nanoparticles of (AL,05 and CaCO05).

Nano-
e G e W dlo, Mpetald e
8 8 g (gm), % gm), 7o

A (control) 650 1300 300 - - 0.46

B1 643 1300 300 7, (1 0.46
percent)

B2 630 1300 300 20,(3 0.46
percent)

B3 620 1300 300 30, (5 0.46
percent)

C1 643 1300 300 7, (1 percent) 0.46

c2 630 1300 300 20, (3 percent) 0.46

C3 620 1300 300 30, (5 percent) 0.46

B1+C1 643 1300 300 35, (1 3.5, (1 percent) 0.46
percent)

B2+C2 630 1300 300 10,(3 10, (3 percent) 0.46
percent)

where;

A is the cement mortar mix without nanoparticles, B refers to the mixes with CaC0O; with
nanoparticles with various substitution proportions, C refers to the mixes with AL,05; with
nanoparticles with various substitution proportions.

(B+C) refers to the mixes of cement mortar and a combination of both nanoparticles with
various substitution proportions.
3. Result and Discussion

3.1. Mechanical and Physical Features

The CS, density, and ultrasonic pulse velocity (UPV) test of cement mortar with partial
substitution of nanoparticles of (AL,0; and CaC0;) by cement's weight are illustrated in
Table (6).

Table 6. Result of CS, density, and UPV for cement mortar with nanoparticles of (AL, 04
and CaCO0s3) particles.

Nano CS (MPa) Density (kg\m3) UPV (m\s)
Samples C]\ila(;l(;) AL, 0, 28 7
P (%) 3 (%) 7 days days days 28 days 28 days
A 0 0 20.5 27 2312 2320 4587
(control)
B1 1 31 33 2288 2278 4356
B2 3 385 38 2288 2294 4520
B3 5 21 37.5 2282 2309 4383
C1 1 31.6 31 2352 2336 4533
C2 3 375 33 2253 2296 4587
C3 5 33 27.5 2285 2329 4385
B1+C1 1 1 263 35 2285 2296 4533
B2+C2 3 3 35.7 383 2270 2299 4587

Fig. 2 and 3 demonstrate the CS findings of the selected mixtures before and after replacing
OPC with different nanoparticles of (AL, 05 and CaCO5) proportions, utilizing nano (4L,0;,
CaCO05,and AL,05+CaC0;) increase the CS at early ages when utilizing 1 and 3 percent, but
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increase the replacement to 5 percent lead to decrease the early ages significantly since
creating ettringite at early ages [36], and utilizing CaC0O; with 3 percent considered best
ratio for replacement.

45
— 40
e
s 35
-£=
£ 30
c
g
E 20
g 15
£ 10
S 5
0 A
Bl B2 B3 Cc1 2 c3 B1+C1 B2+(2
{control)
u 7 day 20.5 31 38.5 21 31.6 37.5 33 26.3 35.7
m 28 day 27 33 38 37.5 31 33 27.5 35 38.3

Fig. 2. CS finding various samples at 7 and 28 curing days

Fig. 3 demonstrates the CS findings of the selected mixtures before and after replacing OPC
with different nanoparticles of (AL,0; and CaCO0;) proportions, utilizing nano-AL, 05,
CaC05,and nano-AL,0;+CaCO; increase the CS at 28 ages when utilizing 1 and 3 percent,
butincrease the replacement to 5 percent lead to decrease the final ages significantly since
converting ettringite to cement's get (C-H, C-S-H) at final ages and [36-38], and utilizing
nano-AL,0;+CaC0; with 3 percent considered best ratio for replacement at final ages.

—®— Nano-CaC03(%) at 7 day —@— Nano-CaCO3(%) at 28 day

40
©
a.
2
= 35
re}
oo
c
o
% 30
[
2
g
5 25
£
o
o

20

0 1 2 3 4 5

Replacement Ratio

Fig. 3. Influence of replacing OPC with Nano (CaC0O;, AL,05, and CaCO5 + AL,03) on CS
at 7 and 28 curing days

Figs. 4 and 5 demonstrate the density findings of the selected mixtures before and after
replacing OPC with different nanoparticles of (AL,0; and CaCO;) proportions; utilizing
nano-AL, O3, increasing the density at 7 and 28 ages when utilizing 1, but increasing the
replacement to 3 percent led to a decrease the density of the early ages significantly,
utilizing nano-CaC0;, decrease the density at 7 and 28 ages when utilizing 1, but increase
the replacement to 3 percent lead to increase the density of the early ages little and notable
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for final ages. While combining nano-AL,0;+CaC0O; with 1 and 3 percent reduces the
density for both 7 and 28 curing ages, final ages give better findings than early ones.

2360 m7 day m28 day
2340
™ 2320
E 2300
bo
=
z 2280
g 2260
o 2240
2220
2200
A B1 B2 B3 c1 c2 C3

B1+Cl1 B2+C2
(control)

Sample ID

Fig. 4. Density finding for various samples at 7 and 28 curing days

It has been detected that the CS of cement mortar with AL,O;with nanoparticles (1, 3, and
5 percent) (C1, C2, C3) substitution by cement’s weight, the CS increase (54, 82, 61 percent)
at 7 curing days and (14, 22, 1 percent) at 28 curing days respectively. It was noticed that
utilizing 5 percent AL,0; with nanoparticles reduces the CS to a magnitude near the
standard sample (A). It might be because there are more AL, 05 nanoparticles present than
what is necessary to react with the freed lime throughout the hydration process, resulting
in excess silica leaking out and weakening the concrete since it only replaces a portion of
the cementitious material. Additionally, the weak areas might result from flaws created
throughout the dispersion of nanoparticles [23]. The best CS for all cement mortar
mixtures was noticed with substitution of 1 percent and 3 percent of AL,0; with
nanoparticles Because the AL,0; had high activity. The presence of nanoparticles in the
cementing system leads to the consumption of portlandite Ca(OH)2 caused by a pozzolanic
reaction, filling the capillaries, reducing the pores, and increasing the strength.

—®— Nano-CaC03(%) at 7 day —@— Nano-CaCO3(%) at 28 day
—@— Nan-AL203 (%) at 7 day —@— Nano-AL203 (%) at 28 day

2355
2335
2315 &

2295

2275

Density (kg\m3)

2255

2235

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5
Replacement Ratio

Fig. 5. Influence of replacing OPC by Nano (CaCO3, AL,03, and CaCO5 + AL,03) at 7 and
28 curing days on density.
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4650 H 28 day
4600
4550

4500
4450
4400
4350
4300
4250
4200
A B1 B2 B3 c1 () c3

B1+C1 B2+C2
(control)

Ultrasonic pulse velocity (m\s)

Sample ID

Fig. 6. Ultrasonic pulse velocity finding for various samples at 7 and 28 curing days.

e=@== Nano-CaCO3(%) at 28 day === Nano-AL203 (%) at 28 day

2615 ==@== Nano (CaCO3+AL203) (%) at 28 day

4565
4515
4465
4415

4365

Ultrasonic pulse velocity (m\s)

4315

0 1 2 3 4 5
Replacement proportion

Fig. 7. Influence of replacing OPC by Nano (CaCO;, AL,05, and CaC0O5 + AL,05) at 28
curing days on UPV.

Furthermore, no apparent effects were when replaced nanoparticles of (AL,05 and CaC05)
with (1, 3, and 5 percent) by cement's weight in density and ultrasonic pulse velocity of
cement mortar at 7 and 28 curing days, respectively; this probably attributed to the size of
cubes were small with dimensions (50x 50% 50) mm as illustrated in Fig. 6 and 7.

For CaC05 with nanoparticles replaced by (1, 3, and 5 percent) (B1, B2, B3) by cement’s
weight, the findings illustrated that the CS increase (51, 87, 2.4 percent) and (22,40,38
percent) at 7 and 28 curing days respectively. It was noted that the increase in CS at (1
percent and 3 percent) because the CaC0O; with nanoparticles are chemically stable and
filled the pores and increased the surface activity.

In the case of a combination of substitution of nanoparticles in cement mortar cubes having
combined 1 percent and 3 percent (B1+C1) and (B2+C2) nanoparticles of (AL,0; and
CaCO0s). The substitution of 1 percent and 3 percent of nanoparticles of (AL, 05 and CaCO05)
to cement mortar increased the CS (28 and 74 percent) at 7 curing days and (30 percent
and 42 percent) at 28 curing days, respectively. Because the AL, 05 nanoparticles had high
activity, the present nanoparticles in the cementing system led to the consumption of
portlandite Ca(OH)z caused by a pozzolanic reaction that fills the capillaries, reducing the
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pores and increasing the strength. The CaC0O; with nanoparticles filled the pores and
increased the surface activity.

3.2. Statistical Analysis of Results

Determining which substitution proportion of nanoparticles significantly affects the
explored parameters is possible by utilizing a completely randomized design and
implementing two-factor ANOVA without replication. Hence, tests of samples' mechanical
and physical parameters (i.e., CS and density) on one sample of each of the nine cement
mortar mixes. Table (7) presents the CS and density based on the substitution proportion
(treatment) per curing age.

Table 7. Data for two-factor ANOVA without replication analysis.

B2 B3 C1 C3

Treatment B1 Cc2 B1+C1 B2+C2
Curingtime ~ C°MTOl (1 95 0503) g’) 0% (B %) 0505) 1A% (3%
CS (MPa)
7days 20.5 31 38.5 21 316 375 33 26.3 35.7
28 curing days 27 33 38 37.5 31 33 27.5 35 38.3
Density (kg/m3)
7days 2312 2288 2288 2282 2352 2253 2285 2285 2270

28 curing days 2320 2278 2294 2309 2336 2296 2329 2296 2299

Tables (8 and 9) demonstrate the main part of the findings of the two-factor ANOVA
analysis. The rows relate to the determined factors, and the columns relate to the
substitution proportion.

Table 8. Output for two-factor ANOVA analysis for CS (MPa) at a significant level of 0.05.

Source SS df MS F p-magnitude
Rows 35.28 1 35.28 1.4796 0.2585
Columns 311.23 8 38.9037 1.6316 0.2521
Error 190.75 8 23.8437
Total 537.26 17 31.6035

Table 9. Output for two-factor ANOVA analysis for Density (kg/m3) at a significant level of
0.05

Source SS df MS F p-magnitude

Rows 1122.25 1 1122.25 4.3360 0.07582
Columns 6487 7 926.7142 3.5805 0.0571

Error 1811.75 7 258.8214

Total 9421 15 628.0666

df: the freedom degrees in the source; SS: the sum of squares because of the source;
MS: the sum of squares means because of source; F: the F-statistic; P: the P-magnitude.

As the focus was on the columns factor (substitution proportion) for both explored factors,
there was a slight variance between the substitution proportions for the CS (p-magnitude
= 0.2521). On the other hand, there was a significant variance between the substitution
proportions for the density (p-magnitude = 0.0571), which was inferred to agree with the
analysis of the previous findings [39,40].
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4., Conclusion

The mechanical features of cement mortar are affected by substituting nanoparticles of
(AL,03 and CaCO03) with cement. It has been detected from replacing nanoparticles of
(AL,05 and CaCO0;) in cement mortar that:

e The compressive strength was improved by (54 82)% and (15 and 22)% when
using nanoparticles of AL,0; by (1 and 3)% by cement weight at 7 and 28 curing
ages, respectively.

e Increasing the utilized ratio of AL,0; to 5wt% of cement led to a decreased
compressive strength improvement rate for the produced mortar at the advanced
ages from 61% to 2% only compared with the control sample without additives
material. The best compressive value was obtained when using 3wt% of AL,0;.

e The compressive strength was improved by (51, 88, 2)% and (22, 41and 39)%
when using nanoparticles of CaC05 by (1, 3, and 5)% by cement weight at 7 and 28
curing ages, respectively.

e Increasing the utilized ratio of CaCO; to 5wt% of cement decreased the
compressive strength of the produced mortar at the advanced ages. The best
compressive value was obtained when using 3wt% of AL,0;.

e  Substituting 1 percent and 3 percent of binary combination nanoparticles of (AL, 05
and CaC0;) to cement mortar increased the CS to (28 percent and 74 percent) MPa
at 7 curing days and (30 percent and 42 percent) MPa at 28 curing days,
respectively.

e The effects of replacing nanoparticles of (AL,05; and CaCO;) with (1, 3, 5 percent)
by cement’s weight on density and ultrasonic pulse velocity of cement mortar at 7
and 28 curing days were insignificant.

References

[1] Ali YA, Falah MW, Ali AH, Al-Mulali MZ, AL-Khafaji ZS, Hashim TM, et al. Studying the
effect of shear stud distribution on the behavior of steel-reactive powder concrete
composite beams using ABAQUS software. Journal of the Mechanical Behavior of
Materials 2022;31:416-25. https://doi.org/10.1515/jmbm-2022-0046

[2] Hamad MA, Nasr M, Shubbar A, Al-Khafaji Z, Al Masoodi Z, Al-Hashimi O, et al.
Production of Ultra-High-Performance Concrete with Low Energy Consumption and
Carbon Footprint Using Supplementary Cementitious Materials Instead of Silica Fume:
A Review. Energies 2021;14:8291. https://doi.org/10.3390/en14248291

[3] Al-Masoodi ZO., Al-Khafaji; Z, Jafer; HM, Dulaimi; A, Atherton W. The effect of a high
alumina silica waste material on the engineering properties of a cement-stabilised soft
soil. The 3rd BUiD Doctoral Research Conference, Dubai, AUE: 2017.

[4] Al-Husseinawi FN, Atherton W, Al-Khafaji Z, Sadique M, Yaseen ZM. The Impact of Molar
Proportion of Sodium Hydroxide and Water Amount on the Compressive Strength of
Slag/Metakaolin (Waste Materials) Geopolymer Mortar. Advances in Civil Engineering
2022;2022. https://doi.org/10.1155/2022/591070 1

[5] SHUBBAR ALI, Al-khafaji Z, Nasr M, Falah M. Using non-destructive tests for evaluating
flyover footbridge: case study. Knowledge-Based Engineering and Sciences 2020;1:23-
39. https://doi.org/10.51526 /kbes.2020.1.01.23-39

[6] Zhang G, Ali ZH, Aldlemy MS, Mussa MH, Salih SQ, Hameed MM, et al. Reinforced
concrete deep beam shear strength capacity modelling using an integrative bio-
inspired algorithm with an artificial intelligence model. Engineering with Computers
2020:1-14. https://doi.org/10.1007/s00366-020-01137-1

[7] Al-Khafaji ZS, Al-Naely HK, Al-Najar AE. A review applying industrial waste materials in
stabilisation of soft soil. Electronic Journal of Structural Engineering 2018;18:16-23.
https://doi.org/10.56748/ejse.182602

868


https://doi.org/10.1515/jmbm-2022-0046
https://doi.org/10.3390/en14248291
https://doi.org/10.1155/2022/591070
https://doi.org/10.51526/kbes.2020.1.01.23-39
https://doi.org/10.1007/s00366-020-01137-1
https://doi.org/10.56748/ejse.182602

Humad et al. / Research on Engineering Structures & Materials 10(3) (2024) 857-871

[8] Hussain A], Al-Khafaji ZS. Reduction of environmental pollution and improving the
(Mechanical, physical and chemical characteristics) of contaminated clay soil by using
of recycled oil. Journal of Advanced Research in Dynamical and Control Systems
2020;12:1276-86. https://doi.org/10.5373 /JARDCS /V12SP4/20201604

[9] Al-Masoodi Z, Dulaimi A, Jafer H, Al-Khafaji Z, Atherton W, Safa H. Soft Soil Treated with
Waste Fluid Catalytic Cracking as a Sustainable Stabilizer Material. Iraqi Geological
Journal 2022;54:84-98. https://doi.org/10.46717/igj.55.1C.4Ms-2022-03-23

[10] Hussain AJ, Al-Khafaji ZS. The fields of applying the recycled and used oils by the
internal combustion engines for purposes of protecting the environment against
pollutions. Journal of Advanced Research in Dynamical and Control Systems 2020;12.
https://doi.org/10.5373 /JARDCS/V12SP1/20201119

[11] Al-Khafaji ZS, Majdi A, Shubbar AA, Nasr MS, Al-Mamoori SF, Alkhulaifi A, et al. Impact
of high volume GGBS replacement and steel bar length on flexural behaviour of
reinforced concrete beams. IOP Conference Series: Materials Science and Engineering,
vol. 1090, IOP Publishing; 2021, p. 12015. https://doi.org/10.1088/1757-
899X/1090/1/012015

[12] Shanbara HK, Shubbar A, Ruddock F, Atherton W. Characterizing the Rutting
Behaviour of Reinforced Cold Mix Asphalt with Natural and Synthetic Fibres Using
Finite Element Analysis. Advances in Structural Engineering and Rehabilitation,
Springer; 2020, p. 221-7. https://doi.org/10.1007/978-981-13-7615-3 20

[13] Majdi HS, Shubbar AA, Nasr MS, Al-Khafaji ZS, Jafer H, Abdulredha M, et al
Experimental data on compressive strength and ultrasonic pulse velocity properties of
sustainable mortar made with high content of GGBFS and CKD combinations. Data in
Brief 2020;31:105961. https://doi.org/10.1016/].dib.2020.105961

[14] Al-Khafaji ZS, Falah MW, Shubbar AA, Nasr MS, Al-Mamoori SF, Alkhayyat A, et al. The
Impact of Using Different Ratios of Latex Rubber on the Characteristics of Mortars Made
with GGBS and Portland Cement. IOP Conference Series: Materials Science and
Engineering 2021;1090:012043. https://doi.org/10.1088/1757-
899x/1090/1/012043

[15] Al-Baghdadi HM, Shubbar AAF, Al-Khafaji ZS. The Impact of Rice Husks Ash on Some
Mechanical Features of Reactive Powder Concrete with High Sulfate Content in Fine
Aggregate. International Review of Civil Engineering (IRECE) 2021;12:248-54.
https://doi.org/10.15866/irece.v12i4.19834

[16] Tuama WK, Kadhum MM, Alwash NA, Al-Khafaji ZS, Abdulraheem MS. RPC Effect of
Crude Oil Products on the Mechanical Characteristics of Reactive-Powder and Normal-
Strength  Concrete.  Periodica  Polytechnica  Civil  Engineering  2020.
https://doi.org/10.3311/ppci.15580

[17] Falah MW, Hafedh AA, Hussein SA, Al-Khafaji ZS, Shubbar AA, Nasr MS. The Combined
Effect of CKD and Silica Fume on the Mechanical and Durability Performance of Cement
Mortar. Key Engineering Materials, vol. 895, Trans Tech Publ; 2021, p. 59-67.
https://doi.org/10.4028 /www.scientific.net/KEM.895.59

[18] Shubbar AA, Jafer H, Abdulredha M, Al-Khafaji ZS, Nasr MS, Al Masoodi Z, et al.
Properties of cement mortar incorporated high volume fraction of GGBFS and CKD
from 1 day to 550 days. Journal of Building Engineering 2020;30:101327.
https://doi.org/10.1016/j.jobe.2020.101327

[19] Hanoon DS, Sallal AK, Shubbar AA, Al-Khafaji ZS, Nasr MS, Al-Mamoori SF, et al. Early
age assessment of cement mortar incorporated high volume fly ash. IOP Conference
Series: Materials Science and Engineering 2021;1090:0120109.
https://doi.org/10.1088/1757-899x/1090/1/012019

[20] Shubbar AA, Sadique M, Nasr MS, Al-Khafaji ZS, Hashim KS. The impact of grinding
time on properties of cement mortar incorporated high volume waste paper sludge ash.
Karbala International Journal of Modern Science 2020;6.
https://doi.org/10.33640/2405-609X.2149

869


https://doi.org/10.5373/JARDCS/V12SP4/20201604
https://doi.org/10.46717/igj.55.1C.4Ms-2022-03-23
https://doi.org/10.5373/JARDCS/V12SP1/20201119
https://doi.org/10.1088/1757-899X/1090/1/012015
https://doi.org/10.1088/1757-899X/1090/1/012015
https://doi.org/10.1007/978-981-13-7615-3_20
https://doi.org/10.1016/j.dib.2020.105961
https://doi.org/10.1088/1757-899x/1090/1/012043
https://doi.org/10.1088/1757-899x/1090/1/012043
https://doi.org/10.15866/irece.v12i4.19834
https://doi.org/10.3311/ppci.15580
https://doi.org/10.4028/www.scientific.net/KEM.895.59
https://doi.org/10.1016/j.jobe.2020.101327
https://doi.org/10.1088/1757-899x/1090/1/012019
https://doi.org/10.33640/2405-609X.2149

Humad et al. / Research on Engineering Structures & Materials 10(3) (2024) 857-871

[21] Shubbar AA, Nasr MS, Islam GM, Al-Khafaji ZS, Sadique M, Hashim K, et al. Early Age
and Long-term Mechanical Performance of Mortars Incorporating High-volume GGBS.
Advances in Civil Engineering, Springer; 2022, p. 267-74.
https://doi.org/10.1007/978-981-16-5547-0 26

[22] Mukhopadhyay AK. Next-generation nano-based concrete construction products: a
review. Nanotechnology in Civil Infrastructure 2011:207-23.
https://doi.org/10.1007/978-3-642-16657-0 7

[23] Nazari A, Riahi §, Riahi S, Shamekhi SF, Khademno A. Influence of A1203 nanoparticles
on the compressive strength and workability of blended concrete. Journal of American
Science 2010;6:6-9.

[24] Arefi MR, Javeri MR, Mollaahmadi E. To study the effect of adding AlI203 nanoparticles
on the mechanical properties and microstructure of cement mortar. Life Science
Journal 2011;8:613-7

[25] Liu X, Chen L, Liu A, Wang X. Effect of nano-CaCO3 on properties of cement paste.
Energy Procedia 2012;16:991-6. https://doi.org/10.1016/j.egypro.2012.01.158

[26] Barbhuiya S, Mukherjee S, Nikraz H. Effects of nano-Al203 on early-age
microstructural properties of cement paste. Construction and Building Materials
2014;52:189-93. https://doi.org/10.1016/j.conbuildmat.2013.11.010

[27] Al Ghabban A, Al Zubaidi AB, Jafar M, Fakhri Z. Effect of nano SiO2 and nano CaCO3 on
the mechanical properties, durability and flowability of concrete. IOP conference
series: materials science and engineering, vol. 454, IOP Publishing; 2018, p. 12016.
https://doi.org/10.1088/1757-899X/454/1/012016

[28] Cosentino I, Liendo F, Arduino M, Restuccia L, Bensaid S, Deorsola F, et al. Nano CaC03
particles in cement mortars towards developing a circular economy in the cement
industry. Procedia Structural Integrity 2020;26:155-65.
https://doi.org/10.1016/j.prostr.2020.06.019

[29] Jawad ZF, Salman AJ, Ghayyib R], Hawas MN. Investigation the effect of different nano
materials on the compressive strength of cement mortar. AIP Conference Proceedings,
vol. 2213, AIP Publishing LLC; 2020, p. 20190. https://doi.org/10.1063/5.0000164

[30] Iskra-Kozak W, Konkol J. The Impact of Nano-Al 2 O 3 on the Physical and Strength
Properties as Well as on the Morphology of Cement Composite Crack Surfaces in the
Early and Later Maturation Age. Materials 2021;14:4441.
https://doi.org/10.3390/mal14164441

[31] Muhsin ZF, Fawzi NM. Effect of Nano Calcium Carbonate on Some Properties of
Reactive Powder Concrete. IOP Conference Series: Earth and Environmental Science,
IOP Publishing; 2021: 856; 12026. https://doi.org/10.1088/1755-
1315/856/1/012026

[32] No A. Specification for aggregates from natural sources for concrete. Bs 1992;882:1-
14.

[33] EN TS. 12504-4. Testing concrete-Part 4: determination of ultrasonic pulse velocity.
British Standards Institution 2004:18.

[34] ASTM C. Standard test method for density, absorption, and voids in hardened
concrete. C642-13 2013.

[35] Al-Khafaji ZS, Falah MW. Applications of high density concrete in preventing the
impact of radiation on human health. Journal of Advanced Research in Dynamical and
Control Systems 2020;12. https://doi.org/10.5373 /JARDCS/V12SP1/20201115

[36] Zainab SAK, Zainab AM, Jafer H, Dulaimi AF, Atherton W. The effect of using fluid
catalytic cracking catalyst residue (FC3R) as a cement replacement in soft soil
stabilisation”. International Journal of Civil Engineering and Technology 2018;9:522-
33.

[37] Hussain A], Al-Khafaji ZS. Experimental investigation on applying waste iron filings in
the engineering fields for protection the environment from contamination. Materials
Today: Proceedings 2021. https://doi.org/10.1016/j.matpr.2021.09.039

870


https://doi.org/10.1007/978-981-16-5547-0_26
https://doi.org/10.1007/978-3-642-16657-0_7
https://doi.org/10.1016/j.egypro.2012.01.158
https://doi.org/10.1016/j.conbuildmat.2013.11.010
https://doi.org/10.1088/1757-899X/454/1/012016
https://doi.org/10.1016/j.prostr.2020.06.019
https://doi.org/10.1063/5.0000164
https://doi.org/10.3390/ma14164441
https://doi.org/10.1088/1755-1315/856/1/012026
https://doi.org/10.1088/1755-1315/856/1/012026
https://doi.org/10.5373/JARDCS/V12SP1/20201115
https://doi.org/10.1016/j.matpr.2021.09.039

Humad et al. / Research on Engineering Structures & Materials 10(3) (2024) 857-871

[38] Ali AM, Falah MW, Hafedh AA, Al-Khafaji ZS. Evaluation the influence of steel- fiber on
the concrete Characteristics. Periodicals of Engineering and Natural Sciences 2022;10.
http://dx.doi.org/10.21533 /pen.v10i3.3111

[39] Fediuk R, Makarova N, Qader DN, Kozin A, Amran M, Petropavlovskaya V, et al.
Combined effect on properties and durability performance of nanomodified basalt fiber
blended with bottom ash-based cement concrete: ANOVA evaluation. Journal of
Materials Research and Technology 2023;23:2642-57.
https://doi.org/10.1016/j.jmrt.2023.01.179

[40] Cibilakshmi G, Jegan J. A DOE approach to optimize the strength properties of concrete
incorporated with different ratios of PVA fibre and nano-Fe203. Advanced Composites
Letters 2020;29. https://doi.org/10.1177/2633366X20913882

871


http://dx.doi.org/10.21533/pen.v10i3.3111
https://doi.org/10.1016/j.jmrt.2023.01.179
https://doi.org/10.1177/2633366X20913882




Research on Engineering
Structures & Materials

Www.jresm.org

Research Article

Valorized rice husk as green corrosion inhibitor for Al 6061 in 1M
HCl

Peter Ikubanni*2, Makanjuola Okil%b, Adeolu Adediran'¢, Sarah Akintola34,
Adekunle Adeleke*¢, Ikechukwu Anyim!f, Olanrewaju Adesina>g, Lawrence
Efenovwelh

1Department of Mechanical Engineering, Landmark University, Omu-Aran, Nigeria
2Greenfield Creations Ltd., Benue Close, Agbara Industrial Estate, Agbara, Nigeria
3Department of Petroleum Engineering, University of Ibadan, Ibadan, Nigeria
“Department of Mechanical Engineering, Nile University of Nigeria, Abuja, Nigeria
sDepartment of Mechanical Engineering, Redeemer’s University, Ede, Nigeria

Article Info Abstract

This study investigated the inhibition characteristics of rice husk (RH) on
corrosion of Aluminum 6061 in 1M hydrochloric acid. Gravimetric analysis and
Scanning Electron Microscopy (SEM)/ Energy Dispersive X-ray analysis (EDX) as
Received 21 Oct 2023  well as electrochemical studies revealed the potency of RH as a good inhibitor of
Accepted 15 Dec 2023 the corrosion of Al 6061 in 1M HCI. Fourier Transform Infrared Spectroscopy
(FTIR) indicated that -OH, C=C, and C=0 with signals at (3317.19, 2932.9,
2848.2), (1631.8) and (1105.73, 1030.2, 447.15), respectively in RH were the
viable active functional groups which adsorbed on the metal surface to effect
reduction of corrosion rates. However, literature suggested the presence of
amorphous silica in RH which served as a complimentary corrosion inhibitor.
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Rice husk; The corrosion current density of Al 6061 was reduced to 3.46 x 10-7 A/cm? at 24
Al 6061; h as against 9.27 x 107 A/cm? at the commencement of the potentiodynamic
FTIR; polarization measurements in inhibited 1M HClL The control specimens
SEM/EDAX; exhibited an average corrosion rate of 3.86 x 10-¢ A/cm? in HCl solution at the
Gravimetric and start of this investigation as compared to the corrosion rate of 3.46 x 10-7 A/cm?
potentiodynamic; at 24 h of exposure in 5 mg RH- inhibited HCL. The obtained results gave a
Polarization analyses corrosion inhibition efficiency of about 90 to 92%.
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1. Introduction

Aluminium alloys are important structural engineering materials and their applications in
industries come closely behind those of steel because of their lightweight, relatively high
strength, and good corrosion resistance properties [1, 2]. Although highly resistant to
atmospheric corrosion, aluminium alloys do undergo serious pitting corrosion in the
presence of extraneous ions such as chlorides as may be encountered in process streams
[3, 4]. Most of the generally known methods of corrosion control of metals are also suitable
for aluminium alloys, however, in process streams as well as in radiators and heat
exchangers, it is more appropriate to use inhibitors streams [3 - 6]. Inhibitors are either
organic and/or inorganic chemicals that, when added in small quantities to corroding
systems, reduce corrosion rates of metals by functioning as anodic, cathodic, or mixed-type
inhibitors depending on their molecular structures and some other factors in the
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environment. Misgivings with inhibitors in current usage are their synthetic routes of
production, high costs as well as being hazardous which affect both the environment and
humans. These amongst others have made searches for low-cost, biodegradable inhibitors
from renewable sources inevitable. Hence, researchers have beamed searchlights on
extracts from plants such as Sabdariffa calyx, castor oil, and agricultural wastes such as rice
husks, hydrolyzed chicken feather, walnut leaf, almond fruit leaves, Jatropha curcas leaf,
Cascabela thevetia, and so on, as alternatives [7 - 11].

A series of studies by various authors [7-14] on the inhibitive effects of extracts of plants
and waste farm produce, on acid corrosion of metals, using different electro chemicals, in
conjunction with other techniques, indicated that all the extracts inhibited the corrosion
process by virtue of adsorption of their phytochemical constituents on the corroding metal
surface. Inhibition efficiencies were shown to improve with a concentration of the active
constituents. From such studies, the mechanisms of inhibition showed no generalized
behaviour, however, it was noted that inhibition efficiencies, in excess of 90 to 95% in
many instances, may be an indication that these extracts are suitable candidates for the
formulation of non-toxic, environment-friendly corrosion inhibiting materials.

In the current research, rice husk which forms about 25% of wastes from paddy milling
[12] was valorized for use as a corrosion inhibitor for Al 6061 in hydrochloric acid.
Valorized rice husks contain amorphous silica [13] and organic species such as cellulose
[14] and have been severally employed as inhibitors in various environments [14, 15]. The
RH was prepared and functional groups were obtained using Fourier transform infrared
(FTIR) spectroscopy. The surfaces of the inhibited substrate and uninhibited substrate in
1 M HCI were characterized using scanning electron microscopy with an attachment of
energy dispersive X-ray analyzer (SEM-EDX). Both gravimetric and potentiodynamic
polarization techniques were employed for the corrosion studies.

2. Materials and Methods

Spade-like electrodes were made from Al 6061 sheet metal. The electrodes were etched in
10% NaOH, rinsed in water, de-smutted in 50% HNOs, and given a final rinse in water
before drying at room temperature. The corrosion medium was 1M HCl with and without
5 mg of valorized rice husk. All chemicals were laboratory-grade reagents from BDH
Chemicals, UK.

2.1. Preparation of Rice Husks and FTIR Analysis

Spade-like electrodes were made from Al 6061 sheet metal. The electrodes were etched in
10% NaOH, rinsed in water, de-smutted in 50% HNOs, and given a final rinse in water
before drying at room temperature. The corrosion medium was 1M HCl with and without
5 mg of valorized rice husk. All chemicals were laboratory-grade reagents from BDH

o = 4 o)
Fig. 1 Rice husk (a) As received (b) Pulverized (c) Powdered
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2.2. Gravimetric Measurements

The gravimetric analysis was performed in accordance with NACE recommended practice
RP-0775 (NACE, 2005) [16] and ASTM G-31-72 (2004) [17] in which cleaned and weighed
Al 6061 electrodes were immersed in 100 ml HCl in a 200 ml beaker in the absence and
presence of 5 mg RH for periods ranging from 2 h to 16 h. After each period of immersion,
the specimens were rinsed in running water, dried under the fan at room temperature for
30 min, and reweighed. For each immersion period, three different measurements were
made and the average of the readings were taken as final measurements. From the
gravimetric measurements, corrosion rates were obtained with Eq. (1) and % inhibition
efficiency, %IE, was calculated with Eq. (2).

C [ te,CR=———=
orrosion rate DT

where CR is the corrosion rate (mm/year), K is a constant (8.766x 10%), T is the time of
exposure (hr), A is the area (cm?), W is the weight loss (mg), and D is the density of Al,

(g/cm?).

2
IE % =(CR — CRi)/CR x 100 (2)
where CR is the corrosion rate in the absence of inhibitor and CRi is the corrosion rate in
the presence of inhibitor.

2.3. Scanning Electron Microscopy (SEM) and Energy Dispersive Analysis of X-
Ray (EDX)

Spade-like electrodes immersed for 16 h in 1M HCI in the presence of 5 mg of rice husk
extract and without the extract were examined in a Scanning Electron Microscope, Model
Pro X, with an Energy Dispersive X-ray analyzer (EDX) attached at high vacuum (HV) mode
with 20 kV accelerating voltage.

2.4. Electrochemical Measurements

Electrochemical measurements were performed in a conventional three-electrode cell
using computer-controlled potentiostat/galvanostat (Autolab PGSTAT 302N). The
platinum electrode served as the counter electrode (CE), Ag/AgCl, as the reference
electrode (RE), and Al 6061 specimens were employed as working electrodes (WE). The
area of WE exposed to the medium was approximately 1 cm?. Before each potentiodynamic
polarization measurement, the electrode potential was allowed to stabilize while the open
circuit potential (OCP) was recorded as a function of time up to about 30 minutes. After
this, a steady-state OCP corresponding to the corrosion potential (Ecorr) of the working
electrode was obtained. The potentiodynamic measurements were carried out on the
specimens in 1M HCl with and without 5 mg of inhibitor. The potential scans were executed
automatically between 200 and -200 mV vs OCP at a rate of 10 mV/s. Fresh HCI solution
and Al 6061 samples were used after each potential sweep.

3. Results and Discussion

3.1. FTIR Analysis

The spectrum generated for the rice husk is displayed in Fig. 2, where it can be observed
that -OH, C=C, and C=0 had signals at (3317.19, 2932.9, 2848.2), (1631.8), and (1105.73,
1030.2, 447.15), were present respectively. These have electron-rich centers that interact
with corroding surfaces to stifle corrosion reactions.
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Fig. 2. FTIR spectra for rice husk

However, for C=C, especially when the double bonds are conjugated as in organic moieties
found in rice husks, delocalization of electrons occurred in electrolytes leading to
interactions with corroding surfaces thereby destabilizing corrosion reactions to reduce
corrosion rates. Cellulose in rice husks is a typical reference point with both double bonds
and reactive -OH groups. Therefore, such interactions are expected to reduce corrosion
while descaling aluminium artefacts and radiators in water cooling systems.

3.2. Gravimetric Analysis

The plot for the corresponding corrosion rates in 1M HCl solution at ambient temperature
from gravimetric analyses is displayed in Fig. 3. The weight loss in blank HCI was observed
to increase steadily with time from about 0.22 mg at 2 h to about 0.56 mg at 16 h of
immersion periods with corresponding corrosion rates of 3.4 X 10-°and 1.08 X 10-*mm/y,
respectively. On the other hand, the inhibited weight loss commenced from a lowly 0.03
mg at 2 h to about 0.14 mg at 16 h of immersion time with corresponding corrosion rates
of 4.63 x 107 and 2.7 X 107 mm/y, respectively. From the foregoing, an inhibition
efficiency of about 92% was observed.

Blank HCI

10 [ inhibited HCI|

Comosion rate (mmpy)

Fig. 3. Corrosion rate versus time in blank and 5 mg inhibited 1M HCI solution
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This was expected as adsorption and desorption of inhibiting species occurred with time
while the offending species continually interacted with the corroding surface. However, an
overall decrease in corrosion rate was observed.

3.3. Scanning Electron Microscopy (SEM)/Energy Dispersive Analysis of X-ray
(EDX) Analysis

The scanning electron micrograph of Al6061 specimens immersed in inhibited 1M HCI
solution for 16 h is displayed in Fig. 4. It can be observed that there are only two major pits
along a scratch line revealed on the surface, which indicated that the inhibitor was effective
throughout the exposure period. The EDX revealed a major peak for Al and numerous other
elements as displayed in Table 1 along with their percentage occurrences. The other major
elements are C at 0.5 %, Si at 1% and Fe at 2.3% as against 0% C, 0.7% Si, and 0.6% Fe in
Al6061 [18].

Fig. 4. Scanning electron micrograph of Al 6061 immersed for 16 h in RH inhibited 1M
HCl

C is derived from organic components like cellulose in rice husks with active -OH groups
at various positions [19], which can adsorb on corroding sites to inhibit corrosion in such
areas. The presence of Si at a percentage higher than was expected in Al6061 suggested
the interaction of SiO- with corroding alloy of interest. Amorphous silica is present in rice
husks and is known to be a good corrosion inhibitor separately [14, 15] and in combination
with other chemicals [20]. The higher weight percentage of Fe’s presence on the inhibited
specimen than expected in Al6061 also indicated the interaction of rice husks with the
corroding surface. In all, most of the elements detected are also present in rice husks albeit
at higher percentages than expected in Al6061.

The scanning electron micrograph of Al 6061 exposed for 16 h in 1M HCl is displayed in
Fig. 5, where it can be observed that almost the entire surface was ravaged with pitting
corrosion episodes with almost 90 to 95% of the surface covered with pits of various
shapes as against 2 to 5% pitting corrosion observed on the inhibited specimen, Fig. 3.
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Table 1. Percentage elemental composition of Al6061 exposed to 1 M HCI with 5 mg of
rice husks and 1 M HCl only

Al6061 in HCl + 5 mg RH Al6061 in HCI
Element Element
Number Symbol Atomic Weight Atomic Weight
Conc. Conc. Conc. Conc.
13 Al 92.61 88.90 94.68 90.50
26 Fe 1.15 2.29 1.26 2.50
47 Ag 0.43 1.64 0.37 141
20 Ca 0.73 1.04 0.77 1.09
41 Nb 0.30 1.01 0.29 0.96
14 Si 1.00 1.00 0.70 0.70
39 Y 0.31 0.99 0.32 1.00
19 K 0.67 0.93 0.54 0.75
16 S 0.61 0.70 0.38 0.44
6 C 1.33 0.57 - -
22 Ti 0.25 0.42 0.09 0.16
12 Mg 0.44 0.38 0.40 0.34
11 Na 0.16 0.13 0.19 0.15
15 P 0.00 0.00 0.00 0.00

Thus, it can be inferred that components of rice husks adsorbed and performed as
corrosion inhibitors on Al6061 in 1M HCl solution. Table 1 presents the elemental
composition of the uninhibited specimen. It is interesting to note that Si remained at 0.7
wt.% and C remained at 0 wt.% as in Al 6061 as against 1% and 0.57% on the surface of
the inhibited specimen. These further suggest interactions of rice husk components with
inhibited specimens in reducing pitting corrosion episodes.

Fig. 5. SEM micrograph of Al 6061 exposed for 16 h in 1M HCl without inhibitor

Niobium and Yttrium present in both specimens may be contaminants present in
chemicals employed during the various preparations in carrying out the research.
However, since their weight concentrations remained almost constant at about 1%, Nb and
Y are more likely to be in the substrate Al alloy.
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3.4. Electrochemical Analysis

The potentiodynamic curves for Al 6061 in HCI with and without inhibitor are displayed in
Fig. 6 and corresponding parameters from the Tafel extrapolations are shown in Table 2,
respectively.

1 T T T
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<
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©  0,00001 - Seri3
S

0,000001 -

0,0000001
E (mV)

Fig. 6. Potentiodynamic polarization scans of Al 6061 exposed to 1M HCI at 30°C with
and without 5 g of RH Inhibitor (Series 1 - OCP/blank; Series 2 - OCP/RH, Series 3 - 24
h/RH)

It has been canvassed in the literature [21,22] that the associated mechanisms with anodic
and cathodic reactions for Al as described in Fig. 6 can be written as Egs. (3-6):

Anodic reactions: Al + Cl > AICFaas) (3)
AlClaas) + CI = AICL* (sop) + 3€ (4)
Cathodic reactions: H* +e — Hpas (5)
Hads) + Haas) — H> (6)

The mechanism of corrosion inhibition of the rice husk on Al substrate in 1M HCl could be
described as follows. Corrosion inhibitor causes adsorption on the interface of the metal
and 1M HCI aggressive solution. The dissolution of metal and hydrogen gas liberation
occurred at the anode and cathode, respectively [23]. The rice husk molecules’ adsorption
on the surface of the substrate could be attributed to a negatively charged acid anion (Cl-)
from the HCl solution. Hence, the adsorption results in the surface coverage of the metallic
material by preventing the corrosion of the substrate [24]. The metal surface protection
occurs due to coordinated bond creation between the Al alloy and the rice husk inhibitor
molecules [25, 26].

From the foregoing, it is obvious that Al readily reacts in HCI to form the various products
observed in Equations 3 and 4. The cathodic polarization curves in the absence and
presence of RH appear parallel to each other and the same can be observed for the anodic
polarization which suggested that the inhibitor did not change the processes occurring on
the electrode surface, it only decreased the rate of reaction to delay corrosion.
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From Table 2, the difference in corrosion potentials in the presence and absence of
inhibitor is not up to 85 mV suggesting that the inhibitor acted as a mixed type inhibitor.
Thus, both anodic and cathodic reactions were slowed down to lower the corrosion rates
of the specimens in inhibited HCl. Moreover, it is evident from Table 2, that the corrosion
rate was reduced from 3.8 X 10 A/cm? to 3.46 X 107 A/cm? at 24 h of exposure in the
presence of an inhibitor. The % inhibition from these readings was calculated to be about
90% which approximates the values obtained from gravimetric analyses further indicated
that RH was an efficient inhibitor capable of strong adsorption on the surface of corroding
Al6061

Table 2. Polarization parameters for specimens at attainment of OCP and at 24 h in HC]

Corrosion
Corrosion current Cathodic Anodic
rate, density, Corrosion Polarization constant constant
CR Icorr potential,  resistance Bc Ba
Samples (mm/y) (A/cm?) Cp (V) Rp () (V/dec) (V/dec)

@O0CP/blank 0.044831 3.86E-06 -0.89735 106.97 0.002653 0.001481
@OCP/RH 0.010774 9.27E-07  -0.92046 548.82 0.002334 0.002353
@24h/RH 0.004022  3.46E-07 -0.9351 1289.4 0.001631  0.00278

Further examination of Table 2 in conjunction with Fig. 6 reveals that the values of Ba and
Bc were altered on adding inhibitor to the corroding systems which is more prominent
with Bc at 24 h exposure in the inhibited system. This implied that the cathodic hydrogen
evolution reaction in the acidic system was impacted more by the adsorption of inhibitor
moieties [27].

Various studies [3, 8, 15, 25, 28] on the corrosion inhibition performances of plants’
extracts have shown that “x-ray electron spectroscopy (XPS), scanning electron
microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR) surface study
techniques have all supported the existence of protective layers on the numerous metals
studied. These extracts operated as mixed-type inhibitors, according to PDP data. The
current research revealed significant findings in the preparation of original, environment-
friendly, sustainable inhibitors with high inhibitory power commensurate with findings
from the literature.

4., Conclusions

This study is very important to the field of materials with regard to the development of
eco-friendly and non-toxic corrosion inhibitors. The green inhibition tendencies of
valorized rice husk on Al6061 substrate in 1M hydrochloric acid environment were
investigated. Fourier Transform Infra-Red spectroscopy revealed the availability of
functional groups, -OH, C=C, and C=0 in RH with peaks at various wavelengths of 3317.19,
29329, 2848.2, 1631.8, 105.73, 1030.2 and 447.15. These functional groups were
variously employed to inhibit corrosion on the Al 6061 substrate. The functional groups
adsorbed on the corroding substrate and reduced the pitting corrosion episodes to
between 90 and 92%.

The micrographs revealed that the density of pits on the surface of the substrates exposed
in an uninhibited environment was reduced from about 100/mm? to about 2/mm? on the
metal surface exposed to the inhibited 1M hydrochloric acid.
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The rice husk performed as a mixed-type inhibitor as the difference in the corrosion
potentials of the inhibited and uninhibited specimens was less than 85 mV. The corrosion
rate of Al6061 was reduced from 3.8x10-¢ A/cm?in blank hydrochloric acid to 3.46 x 107
A/cm? at 24 h of exposure in rice husk-inhibited hydrochloric acid solution. Thus, rice husk
performed as an effective corrosion inhibitor for Al 6061 in 1M hydrochloric acid solution
with an inhibition efficiency of between 90 and 92%.

The Tafel constants Ba and Bc differed slightly in values which suggested that the
electrochemical mechanisms for the corrosion of Al 6061 remained the same in the
presence and absence of inhibitor in the aggressive hydrochloric acid over the immersion
periods employed in this investigation. The anodic and cathodic corrosion reactions were
only slowed down to effect reduction in corrosion rates, without any change in
mechanisms. This is an important study to material scientists and engineers based on the
promising results obtained.
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The research on the rapid and sensitive detection of pollution caused by the
products and technologies used has recently attracted attention in the literature.
In the detection of volatile organic compounds (VOCs), polymers/monomers are
used in the production of sensitive, fast-responding, reversible thin-film gas
sensor elements. In this work, the monomer a-Naphthylmethacrylate was
selected as thin film sensor element. The a-Naphthylmethacrylate-based nano
thin films were prepared with technique of LB. Monomer LB thin films fabricated
onto gold-coated glass substrate to investigate their vapour sensing properties
by using Surface Plasmon Resonance (SPR) optical technique. This prepared
monomer-based thin film sensor exposed to five different concentrations of
chloroform vapors varying between 13.98x103-69.9x103 ppm and the sensor
response values were recorded. Swelling dynamics’ of this monomer thin film
sensor was also illuminated by using Fick's early-time diffusion law. Diffusion
coefficients of a-Naphthylmethacrylate LB thin film sensor materials exposed to

the five different concentrations of chloroform vapor were calculated with the
help of reflected light intensity graph data and Fick's Law as a function of time.
It was determined that the diffusion coefficient values of the first and second
slope regions as varying between 5.72x10-17-21.97x10-7 cm?s! and 3.06x10-17-
6.25x10-17 cm?s-, respectively. SPR kinetic measurement results showed that a-
Naphthylmethacrylate material is promising for the detection of chloroform
vapor.

Swelling dynamic

© 2024 MIM Research Group. All rights reserved.

1. Introduction

Volatile organic compounds (VOCs) are the leading chemicals causing environmental
pollution [1,2]. These compounds, which have low boiling points and high vapour
pressures and can pose very serious health risks, have great negative effects on people's
respiratory, circulatory, nervous, excretory and even immune systems [3,4]. It is of great
importance that these compounds remain within acceptable limits in the indoor or outdoor
environment, and various sensors are being developed for their detection. One of these
compounds, chloroform, is harmful to the environment and human health. Chloroform
with chemical formula CHCls is colourless, having a boiling point of 61 °C and it has a
density of 1.48 g cm-3. Chloroform has very high volatility and very low solubility in water.
It is a chemical that can be found at very low levels in some cleaning products and
medicines. While short-term exposure can cause central nervous system disorders, long-
term exposure can lead to hepatitis, lung disorders, depression and irritability. Exposure
to chloroform above 40000 ppm can result in death. Chloroform, which used to be used for
anaesthesia, is no longer used for this purpose.

These vapors can be easily detected due to the favourable cavity and host-guest
interaction. With their assistance of Quartz Crystal Microbalance (QCM), Surface Plasmon
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Resonance (SPR) and other gas measurement systems, the response of the thin film sensor
can be recorded as a function of time when organic vapor is injected into a thin film sensor.
Among these techniques, SPR technology provides both the elucidation of the optical
properties of thin films and the analysis of the prepared thin film sensors at a low
concentration.

Many sensors with different operating mechanisms, fast and sensitive detection of organic
volatile compounds in the indoor or outdoor environment can be carried out [5,6]. A thin
film layer is usually preferred as the basic gas sensor element in the detection of volatile
organic compounds in this field [7-9]. These thin films are designed to have a controlled,
homogeneous structure and effective detection capability; researchers are making great
efforts to develop gas sensor elements with increased sensitivity, low cost and reversibility
[10-12]. Many thin film fabrication techniques such as LB thin film technique [13-15] and
spin coating [16-18] are in the focus of researchers' attention in this sense; design,
modelling and fabrication of thin films are carried out. These techniques, in which an
unlimited number of raw materials can be used for different application areas, contribute
to the emergence of thin films suitable for the purpose with their flexibility. There is a
limited number of research on the synthesis and characterisation of new raw materials
that can offer many of the desired properties at the same time at low cost. The majority of
these synthesised raw materials are monomers and polymers.

Polymers are considered as versatile materials that are suitable for an uncountable
number of applications due to their controllable properties. The low cost of polymers,
which can be produced in various forms and properties, makes them indispensable for
many fields [19-21]. In the detection of volatile organic compounds (VOCs), these unique
polymers are utilized in the production of sensitive, fast responding, reversible thin film
chemicals sensor elements. The main objective of this study is to investigate monomers
that can best interact with the volatile organic compounds to be detected and enable the
production of efficient chemical sensors [22-24]. It is important to synthesize raw
materials that are suitable for the molar volume of the gas to be detected and that can form
dipole moments or other secondary interactions with the gas.

Increasing environmental pollution and harmful organic vapors, which are increasingly
emitted into the indoor and outdoor environment, can reduce the quality of life of people
and cause serious health problems in long-term exposures. Considering the increase in
these harmful chemical compounds, the importance of the design and application of
reversible gas sensors that can perform fast, sensitive and repetitive detection is
understood. For these reasons, this study aims to produce thin films from monomer
materials, to elucidate their reactions and interaction mechanisms against harmful organic
vapors.

In this study, a-Naphthylmethacrylate based thin films were prepared by utilizing LB thin
film technique onto the gold-coated glass substrates. These LB thin films were expose to
chloroform vapour at different concentrations to investigate their gas sensing abilities. The
performance of a-Naphthylmethacrylate based LB thin film sensor was measured by
calculating the values of sensitivity, LOD and diffusion coefficients. The diffusion
coefficients of chloroform for a-Naphthylmethacrylate LB thin films were illuminated with
this study.

2. Theory
2.1. Method of Surface Plasmon Resonance (SPR)

SPR is one of the spectroscopic methods used to measure the thickness and refractive
index of thin films on metal surfaces. Fig. 1 shows a symbolic presentation of the SPR
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measurements. The thickness of LB films and their weakly bound molecular interactions
with organic vapors can be studied with the sensitivity of SPR [25,26]. That is, the layer-
by-layer production of thin films is controlled in relation to the angle shift in the SPR curve
of the molecules attached to the substrate. On the contrary, the thickness of the thin film is
kept constant and exposed to organic vapors and the molecular interactions are analysed
in relation to the reflected light changes recorded in the photodetector.

a-Naphthylmethacrylate
LB film layer
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Fig. 1. A symbolic presentation of the SPR measurements

The light intensity reflected of the metal-thin film structure is recorded in the form of an
SPR curve given in Fig.1. Surface plasmons (SPs) occurs during interaction between
incident light and thin film [27]. The setup of SPR experimental system known as the
Kretschmann configuration is shown in Fig. 1. Molecular interactions that cause a change
in the refractive index, or an increase in molecular mass, change the intensity of the sensor
material and hence the angle of incident light, which translates into a response signal in
the detector [28]. This change causes a shift in the minimum of the resonance angle in the
SPR graph. For thin films with linearly increasing thickness, the change in the resonance
angle increases in direct proportion.
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Fig. 2. A schematic demonstration of SPR curves and SPR kinetic measurements
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From this data, the thickness of the transferred layers can be determined. Since SPR curve
can display the distribution and amount of molecules transferred to a metal surface in real
time, its use for the determination of the manufacturability of thin film monolayers is quite
common [29]. A schematic representation of the gas cell for SPR kinetic measurements is
given in Fig. 2. When the sensor surface is organized to contain selective receptors for
specific chemicals or biomolecules, the structure of the newly formed material can be
applied in chemical and biochemical sensor fields. SPR spectroscopy is one of the main
optical techniques used today for the development of low-cost and high-resolution
chemical and biochemical optical sensors [30]. SPR sensing has been receiving increasing
attention in the scientific community due to its advantages of real-time monitoring and
remarkable sensitivity.

2.2. Fick's Law and its Application

The diffusion coefficient (Ds) is calculated with the equations of diffusion described in
Fick's 2. law. The data of SPR kinetic results obtained in real-time measurements was used
during this calculations [31]. In this study, this diffusions’ law was applied to calculate the
value of diffusion coefficient during chloroform molecule diffuse into the monomer film.
The early-time approximation presented in Eq (1) for plane layers [31]. ao is the initial
thickness of the surface layer, D is the diffusion coefficient, Mt and M represent the
amount of material diffusing into the surface layer at times t and infinity, respectively.

M _ 4| D W
M, a3
This behavior suggests that the number of saturated vapor molecules M: diffusing into the
LB thin film should be inversely proportional to Ir and Eq (1) can be expressed as Eq (2).

M (Ir (t))—l [, (2)

My ~— \I. (o) nag

This new equation states that the ratio of reflected luminous intensity varies in direct
proportion to the t'/2. Using Eq (2) and the plot of the normalized irradiance as a function
of the t1/2, the diffusion coefficients can be calculated.

3. Experimental Details

The monomer a-Naphthylmethacrylate (given in Fig. 3) preferred in preparation of
chemical sensor thin films was obtained with the procedure given in previous studies
[32,33].

a-Naphthylmethacrylate

Fig. 3. The chemical structure of a-Naphthylmethacrylate monomer
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In this study, the a-Naphthylmethacrylate was chosen as thin film element to research its
VOCs sensing characteristics. The optimum surface pressure value for the production of a-
Naphthylmethacrylate LB thin film was determined as 13mN m-! from isotherm graph of
this monomer [25] and 10 layers of LB thin film were produced on a gold-coated glass
surface for investigating their gas sensing properties.

4. Results and Discussion

Generally, the interaction mechanism between the thin film and organic vapor molecules
is known to occur in three steps: surface adsorption interaction, interlayer diffusion and
desorption [34,35]. A schematic representation of these steps is given in Fig. 4. When
organic vapor is injected into the gas cell, the reason for the rapid increase in reflected light
intensity is due to the surface adsorption interaction between the LB thin film and organic
vapor molecules. This is followed by the diffusion effect where the organic vapor molecules
begin to penetrate into the LB thin film layers. The diffusion process is related to many
important physical properties of vapor molecules. Desorption is the removal of organic
vapor by injecting fresh air into the gas cell.
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Fig. 4. A schematic representation of the interaction mechanism between monomer
thin film and chloroform vapour

From the graph given in Fig. 4, there is fresh air in the environment between 0 and 120
seconds. At 120. Second, when chloroform vapor was introduced into the gas cell, the
reflected light intensity increases rapidly and reaches a maximum value. It is noteworthy
that the intensity changes rapidly as soon as organic vapor is introduced, indicating that
the thin film reacts quickly to chloroform vapor. After a certain change in the reflected light
intensity, approximately takes a constant value. The fact that the reflected light intensity
remains stable in this period indicates that the thin film interacts with chloroform vapor.
After allowing the chloroform vapor to remain in the environment for 2 minutes, air was
introduced into the environment at 240. second and the reflected light intensity was
observed to return to its previous value. After air introduced to cell, if the value of the
reflected light intensity is not return to its previous value, the sensor coated with monomer
thin film is not reversible property. Similarly, three times chloroform vapor was sent to
cell and the reflected light intensity change was recorded. Fig. 5 displays the responses of
monomer-coated SPR sensor to chloroform vapors nearly same.
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The interactions of monomer LB thin film sensor with saturated and different
concentrations of chloroform organic vapour is shown in Fig. 6. Between 0 - 120 seconds
there is air in the environment. At 120 seconds, 13.98x103 ppm chloroform was introduced
into the environment where the monomer LB thin film sensor was located. After the
chloroform vapor was Kkept in the environment for 2 minutes, air was introduced into the
environment to remove it from the environment. Then, at 360 seconds, 27.96x103 ppm
chloroform vapor was introduced into the environment and kept in the environment for 2
minutes, and then air was again introduced into the environment and removed from the
environment. This process was repeated with 41.94x103, 55.92x103 and 69.9x103 ppm
chloroform vapour. Fig. 7 shows that the shift in the reflected light intensity increases as
the concentration ratio increases. The LB thin film sensor fabricated with monomer was
found to be sensitive to harmful chloroform vapor.
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Fig. 5. The response of monomer LB thin film sensor to the saturated chloroform
vapour for three cycles

The sensitivity value of the monomer-based SPR optical sensor was obtained from the
slope of Fig. 7. This figure explains the relationship between the sensor response and
chloroform vapor at distinct concentration. As a result, the sensitivity value of the
monomer-based SPR optical sensor is 1.297 x 10-3 ppm-! with LOD value of 9.02 ppm.
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Fig. 6. The response of monomer LB thin film sensor to chloroform vapour at different
concentrations
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Fig. 7. The linearship relation between chloroform vapour and the change in the
reflected light intensity

The chloroform vapour may be interacted with the sensor films by the emergence of
hydrogen bonds during interaction between VOC and sensor film. The SPR kinetic result
can be also explained in terms of molecular weight of chloroform vapour. Such physical
parameters have an impact on the adsorption behavior when vapor molecules bind to
sensing films. A larger vapor molecular weight such as chloroform leads to higher
sensitivity as reported in previous findings in the literature [36,37]. The diffusion data
between 120-240 second obtained from Fig. 4. Using these data, the change in reflected
light intensity of the monomer LB thin film for chloroform vapor is obtained as a function
of diffusion time shown in Fig. 8. In order to compare the experimental data with each
other, the y-axis is arranged as normalized irradiance. The variation of the normalized
irradiance value versus time decreases as an exponential function.

0.16

—=—chloroform
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0.04
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Fig. 8. The normalised responses as a function of time for the interaction of monomer
LB thin film and chloroform vapour

In the diffusion interaction process, two different slopes were observed. During the first
slope period, rapid surface adsorption interaction occurs as the organic vapor makes initial
contact with the monomer LB thin film surface when it is introduced into the gas cell. In
the second slope region, the chloroform vapor molecules enter the monomer LB thin film
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layers, where they diffuse into the monomer LB thin film structure through physical
and/or chemical interactions. This diffusion process can be reversible or irreversible
depending on the physical and chemical interactions between the sensitive LB thin film
material and the chloroform organic molecules. These interactions are not only dependent
on physical properties such as vapor pressure, molar volume, viscosity, etc. [7,15], but also
chemical interactions such as host-guest, hydrogen bonding, Van der Waals, etc. [38].

Fick's law is one of the most effective approaches to analyze the diffusion process and
calculate diffusion coefficients. When the saturated chloroform vapour (for 69.90x103 ppm
concentration) molecules in the gas cell increases, the amount of material penetrating the
monomer LB thin film will increase in both slope regions.

Table 1. The values of diffusion coefficient for the first and second regions at different
chloroform concentrations.

Concentration First region Second region

(ppm) D(cm2s1)x10-17 D(cm2s1)x10-17
13.98x103 8.23 4.05
27.96x103 5.72 6.89
41.94x103 14.64 3.06
55.92x103 16.14 4.01
69.90x103 21.97 6.25

From this linear relationship given in Fig. 9, diffusion coefficients for both slope regions
were obtained using Eq (2). As shown in the inset in Fig. 9, the values of diffusion coefficient
for the first and second regions were determined as 21.97x10-17 cm?2s! and 6.25x10-17
cm?s!, respectively. The diffusion coefficient values of the first and second slope regions
for other concentrations were presented in Table 1.
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Fig. 9. Plot of t'/2 versus normalized value of I(c0) /I:(t) for monomer thin film-
chloroform vapour interaction

The pyrene-based (PS) polymer chains, having three different molecular weights (PS1, PS2
and PS3) were prepared via LB thin film technique by Erdogan and his group [22]. The
response of PS-based sensor for chloroform vapor at distinct five concentrations by using
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QCM technique. The obtained values of diffusion coefficients vary among 0.2-3.0x10-16, 5.0-
13x10-1¢, and 1.0-1.6x10-15 cm?2s™! for the sensor of PS1, PS2, and PS3, respectively. The
values of diffusion coefficients for PS1 LB thin film nearly the values for a-
Naphthylmethacrylate LB thin film against to chloroform vapour.

5. Conclusions

SPR LB thin film sensors prepared using the monomer a-Naphthylmethacrylate were
exposed to different concentrations of chloroform organic vapors. An increase in reflected
light intensity was observed with increasing vapor concentrations. After the SPR LB thin
film sensor materials were exposed to saturated chloroform organic vapors, time-
dependent measurements were repeated three times and the repeatability capacity of the
monomer-based sensor material was measured.

The results obtained for monomer LB thin film sensors indicate that this sensor is self-
renewing and has the capacity for multi-use potential. The response of monomer thin film
materials was analyzed from SPR kinetic data. The fact that monomer-based SPR sensor
material reacted to the chloroform VOC and that their responses to this vapor differed
showed that this material have selectivity against chloroform organic vapors.

The illumination of the diffusion process, which is a factor in the sensor interaction
mechanism for the selected material, was also studied for the first time in this study.
Diffusion coefficients of a-Naphthylmethacrylate LB thin film sensor materials exposed to
the saturated concentration of chloroform vapor were calculated with the help of reflected
light intensity graph data and Fick's Law as a function of time. It was determined that the
diffusion coefficient values of the first and second slope regions as 21.97x10-17 cm?s-! and
6.25x10-7 cm?s-1, respectively. All diffusion coefficient values of the first and second slope
regions as varying between 5.72x10-17-21.97x10-17 cm?s-t and 3.06x10-17-6.25x10-17 cm?s-
1, respectively. It has been revealed that monomer LB thin films have sensor properties
such as sensitive, selective, fast, recyclable and reusable as well as being suitable for use as
sensor materials and can be used in this field.
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This paper studies the effect of temperature on Engineered Cementitious
Composites (ECC) properties using induction furnace slag (SS) as a partial
replacement for river sand (RS). Replacement percentages are between 5 and
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1. Introduction

Engineered cementitious composites (ECC), composed of cement, fly ash, fine aggregate,
chemical admixture, water and fibres, were developed by Victor Li to overcome the
brittleness of traditional cement-based materials. Especially as a fine aggregate micro-
silica sand used in ECC [1]. Sand size, amount, and roughness impact ECC’s properties [2].
ECC is utilised in structural applications, including bridges, high-rise buildings, road
pavements, and repair and retrofitting structures [3]. It can also be used in earthquake-
resisting structures [4]. ECC enhances structure service life, which reduces maintenance
and repair costs [5]. Furthermore, ECC performs much better than conventional concrete
when exposed to chemical attacks and various temperatures.

Fire generally has an impact on structural behaviour at various temperatures. Including
Polyvinyl alcohol (PVA) fibres in ECC can reduce explosive spalling at various
temperatures [6]. Many researchers have studied the performance of ECC at various
temperatures, and its performance depends on the materials used (fly ash, fibres, and
aggregate). The existing literature on ECC at various temperatures shows that micro silica
sand of size < 300 microns is used as fine aggregate [7-9]. Instead of using micro silica
sand, quartz sand characterises the behaviour of fibre-reinforced cementitious composites
at various temperatures [10]. He et al. [11] investigated high-strength ECC at various
temperatures, in which River Sand (RS) with a 2 mm particle size is used. According to
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experimental studies, the strength loss in high-strength ECC is less than in ECC with normal
strength. Mohammed et al. [12] performed a study on nano-silica-modified self-
consolidating ECC at various temperatures using fine aggregate as RS with 450 microns
size. The residual characteristics of nano-silica-modified self-consolidating ECC decreased
as temperature increased from 200°C to 400°C. Cao et al. [13] explored the bonding
characteristics of existing concrete and steel-basalt hybrid fibre-reinforced cementitious
composite (SBFRCC) at various temperatures. The fine aggregate employed in this
investigation is RS with a 0.6mm particle size. The test results show that the SBFRCC
performed better at high temperatures than existing concrete. The earlier studies focused
on ECC's performance with micro silica sand and RS as a fine aggregate at various
temperatures. Still, its performance using steel industry by-products as a fine aggregate at
various temperatures is not explored.

The most crucial strategy for resolving sustainability issues in the construction sector is
effectively transforming industrial by-products into useful concrete materials. Such an
approach also protects the environment from harmful solid waste dumped from
industries. Ferrites and Calcium silicates combined with the fused oxides of aluminium,
calcium, iron, manganese, and magnesium form a non-metallic steel slag [14]. The
expansion in concrete is caused by the Free lime and periclase in SS [15]. Studies related
to the tests and methods for volume stability are developed. Mehta et al. described
autoclave test evolution history as a critical assessment of its current state, and the widely
used performance tests for cement soundness are described [16]. Hydration of crystalline
magnesia (periclase) is a primary reason for such volume change. The microstructure and
expansive behaviour of cement with varying Mgo contents and autoclave expansions are
explored [17]. The volume stability of SS aggregate can be assessed by testing the free lime
content [18]. Lun et al. developed techniques for enhancing the volume stability of SS as a
fine aggregate [19]. Weathering is also the best approach for the volume stability of SS.

The characteristics of the SS produced may vary based on furnace type, processing
methods and raw materials used [20]. Induction furnaces have Induction Furnace Steel
Slag (SS), a good substitute due to their efficient operation and clean manufacturing
process [21]. Over 600 Induction furnace plants exist in India alone, each producing over
15,000 tonnes of slag annually [14]. Netinger Grubesa et al. [22] demonstrated that
concrete properties with steel slag are similar to the dolomite concrete up to 600°C. Liang
etal. [23] implemented ultra-high-performance concrete with 69% residual strength after
being subjected to 1000°C with SS as fine aggregate. Jihad Miah et al. [24] observed that
the strength reduction at various temperatures increases when sand is replaced by 100%
Steel slag powder. The previous literature focused on cement mortar/concrete with SS as
fine aggregate at various temperatures. Still, studies related to ECC behaviour at various
temperatures with SS aggregate are not covered in the literature. The properties of ECC
with SS as a partial substitute material for RS with 5%, 20%, 35%, 50% and 65% having
various particle sizes at various temperatures (200, 400, 600 and 800°C) are evaluated.
ECC's chemical composition and microstructural properties are identified with SEM and
XRD. The results of ECC with SS at elevated temperatures are beneficial for ensuring stable
fire resistance of the structural elements.

2. Experimental Work
2.1. Materials
2.1.1 Cement

As per IS 269: 2015, Ordinary Portland Cement is utilized in all the mixes. The test findings
for cement are given in Table 1, confirming the IS: 269: 2015 specifications.
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Table 1. Cement properties

Properties Values As per 1S:269-2015
Normal consistency 30% -
Initial setting time 147 >30 min
Final setting time 257 <600 min
Fineness
a. Drysieving 4 Less than 10%
b. Blain’s air permeability 310.7 More than 225 m2/kg
Specific gravity 3.04 -
2.1.2 Fly Ash

Fly ash (FA) confirms the requirements of IS 3812 (Part-1): 2003. The chemical
composition of the FA from Energy Dispersive Spectroscopy (EDS) is shown in Table 2.

Table 2. Chemical composition of fly ash from EDS

Chemical composition Oxide (%)

SiO2 62.73
Alz03 29.17
Fe203 3.17
MgO 0.68
Ca0 0.82
Na20 -

K20 1.23

2.1.3 Fine Aggregate

RS and SS are used as fine aggregates in ECC and classified as Zone-1I, according to IS 383:
2016. The fine aggregate chemical composition is shown in Table 3. The distribution of
particle sizes is shown in Fig. 1. Both RS and SS, particle size distributions, are within the
upper and lower bound limit. In Table 4, the engineering properties of RS and SS are listed.
SEM images of RS and SS particles are shown in Fig. 2, which indicate that the particles of
SS are relatively rough and angular compared to those of RS particles.

Table 3. Chemical composition of fine aggregate (RS and SS) by EDS analysis

Chemical composition Oxide percentage in RS (%)+0xide percentage in SS (%)
SiO2 75.11 49.86
TiO2 - 0.48
Cr20s - 0.2
Alz03 13.18 15.95
Fe203 4.92 24.66
Mn - 1.92
MgO 0.33 0.76
Ca0 1.34 4.52
Na20 - 0.95
K20 5.09 0.65
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Fig. 1. Distribution of RS and SS particle sizes

Table 4. Fine aggregate Properties

Description RS SS

Zone 11 II
Fineness modulus 2.58 2.68
Specific gravity 2.56 2.45

Dute 23 Now 2021 B 1 S AsS T ]
WO =125 mm Mage 100X Tme 431153 H Wos11Sem Vagr 10X Tre 153948 ‘

Fig. 2. SEM images of (a) RS and (b) SS

2.1.4 Polyvinyl Alcohol (PVA) Fibres

In the current study, PVA fibres coated with a 1.2% hydrophobic oiling agent are utilized,
and their features are listed in Table 5. The image of PVA fibres is depicted in Fig. 3. Fibres

may decrease the flowability because they may restrict the smooth flow and movement of
sand particles and cement paste.
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Table 5. Manufacturer-specified properties of PVA fibres

Properties PVA fibres
Length 12 mm
Fracture elongation 6 %
Modulus of Elasticity 40 GPa
Density 1.30 g/cm3
Diameter 40 um

Fig. 3. PVA fibres

2.1.5 Superplasticizer (SP)

Polycarboxylic acid-type superplasticizer is deployed to enhance the flowability and
prevents fibre agglomeration, thus regulating the distribution of fibre in the mix.

2.2 Mix Proportions

In the ECC mix design, the mix proportion is adopted per Li et al., [25] as shown in Table 6.
The standard M45 ECC mix is the most common ECC mix used in practical applications,
which has an FA-to-cement ratio of 1.2. It also enhances the flowability of fresh ECC and
improves mechanical properties after 90 days. The materials used in preparing ECC mixes
are fixed, and the amount of SS varies as a replacement of (5%, 20%, 35%, 50%, and 65%)
RS. Based on the past literature available on SS, the percentages are fixed. However, for
each percentage, RS or SS particle sizes vary. All mixes are given a specific identity, such as
E1, E2 and E3 for control mixes without SS at 2.36 mm, 1.18 mm and 0.60 mm particle
sizes. At the same time, E4 - E18 is used for mixes containing 5%, 20%, 35%, 50%, and
65% SS with various particle sizes, respectively. Due to the larger aggregate size in the
present research, a higher amount of fibre may lead to fibre clumping; hence, it is only
employed at 1% of the volume for all the mixes. Based on the local ingredient conditions
to ensure proper fibre dispersion, the superplasticizer and water content are finalized by
conducting a marsh cone test. To investigate the influence of SS percentage and size on the
properties of ECC, the same constituent proportions but with various particle sizes
(2.36mm, 1.18 mm and 0.6 mm) for varying replacement percentages of RS by SS are
prepared.

Table 6. Different mix proportions

Fl Steel PVA

Mix Cement y River sand Water SP fibre,
ash Slag

vol%
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E1 1 12 0.8 - 0.64 0.015 1
E2 1 12 0.8 - 0.64 0.015 1
E3 1 12 0.8 - 0.64 0.015 1
E4 1 12 0.76 004  0.64 0.015 1
E5 1 12 0.76 004  0.64 0.015 1
E6 1 12 0.76 004  0.64 0.015 1
E7 1 12 0.64 016  0.64 0.015 1
E8 1 12 0.64 016  0.64 0.015 1
E9 1 12 0.64 016  0.64 0.015 1
E10 1 12 0.52 028  0.64 0.015 1

E11 1 12 0.52 028  0.64 0.015 1

E12 1 12 0.52 028  0.64 0.015 1

E13 1 12 0.4 04  0.64 0.015 1

E14 1 12 0.4 04 064 0.015 1

E15 1 12 0.4 04 064 0.015 1

E16 1 12 0.28 052  0.64 0.015 1

E17 1 12 0.28 052  0.64 0.015 1

E18 1 12 0.28 052  0.64 0.015 1

2.3 Test Methods

The methodology used in the current research is shown in Fig. 4. The flowability of fresh
ECC is evaluated using a spread flow test after the mixing process. The ECC mix is poured
into a 70.6 mm cube mould. After a day, the specimens are de-moulded and placed in water
til the testing age (28 and 90 days). A muffle furnace is used for heating specimens.

Mix design of .
4{ ECC ‘4| Testing of ECC ‘

Material . .
‘ Preparation H Material Testing

Fresh properties Hardened 1. Compressive
of ECC Properties at properties of ECC strength test
Room, 200, 400, 2. Ulirasonic

600, 800°C Pulse Velocity
temiperatures (UPV) test

Miero structure
SEM & XRD

I

Spread flow test

Characterization &
Chemical composition

Fig. 4. Methodology for the current study

The exposure time maintained is considered from ISO 834 guidelines [26]. It is calculated
based on the formula given in Eq (1), and The ISO 834 curve is shown in Fig. 5 [27]. The
exposure temperatures selected from the literature are 200°C, 400°C, 600°C, and 800°C
[7]. UPV and compressive strength are evaluated after the heating process. SEM and XRD
are used to identify changes in microstructure and chemical composition.

Tr=TO + 345 log10 (1+8t) )
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Where, Tr= average “furnace” temperature, °C; TO = initial temperature °C, and T= time,
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Fig. 5.1S0 834 curve

3. Results and Discussions

3.1 Spread flow test

0 300 100 150 200 250 300

T
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The Flowability of fresh ECC is evaluated using a spread-flow test. Depending on the size
of the employed fine aggregate, the flowability of ECC changes. Fresh ECC’s plastic viscosity
affects the material’s characteristics [28]. So, the impact of grading on flowability needs to
be evaluated. Fig. 6 shows that adding the SS marginally reduces the flowability for ECC.
The flowability values of the mixes containing only RS (E1-E3) are about 210-185 mm.
When RS partially replaces the SS, the flowability values are 200-135 mm for the E4-E18,
respectively. The combination of fibres with SS's angular and rough surface texture (see
Fig. 2b) may restrict the smooth flow. The shape of SS aggregates significantly affects
flowability; while designing the mix, more care must be taken for the required w/c and

proper gradation.
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Fig. 6. ECC flowability for different mix proportions
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All mixes are prepared with the same dosage of SP and water-to-binder ratio (W/b). The
flowability of the SS ECC mixes is not improved Because the same dosage of SP is used for
aggregates with different water absorption. However, using SP does not increase the
flowability, and it is later noticed that the strength and durability are not affected by the
decrease in flowability.

3.2 Compressive Strength Test

The compressive strength is determined per IS 516 standards. Fig. 7 indicated that the
strength increased significantly with an increase in SS of up to 50% replacement, and after
a 50% gradual decrease is observed. As compared with coarser particle mixes (E1, E4, E7,
E10 and E13), the finer particle mixes (E3, E6, E9, E12 and E15) show higher strength at
all curing periods.
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70 p I th d )
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$3.5 53 53 54 >
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Fig. 7. ECC compressive strength for different mix proportions
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Due to the larger proportion of finer particles than RS, mixes that contain 50% SS have an
increase in strength, which helps in the development of a denser microstructure. Another
reason is the reaction between SiO2 and Ca(OH)2. According to Table 3, SS contains about
50%Si02. Ca(OH)2 produced on the hydration of cement can react with SiOz to form more
C-S-H, which reduces the porosity and enhances the strength. Additionally, the SS
employed in this study has a rough surface texture and an angular shape (see Fig. 2 b),
which improves the bond between the aggregate and cement paste along with the
reduction amount of voids [29].

3.3 UPV Test

A non-destructive experiment to check the homogeneity of a specimen is UPV. It calculates
the sound wave transmission velocity inside the specimen. In Fig. 8, it is observed that ECC
mixes with partial substitution of RS by SS up to 50%; the UPV increases gradually, and
after that, it decreases at all curing ages—the reaction of SiO2 with Ca(OH)2. According to
Table 3, SS contains about 50%Si02. Ca(OH)2 produced on the hydration of cement can
react with SiOz to form more C-S-H, which reduces the porosity and enhances the strength.
Another reason is due to finer particles in SS, which fill the micropores in the composite;
E15 exhibits the peak value in UPV.
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Fig. 8. ECC UPV for different mix proportions
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3.4 ECC Properties at Various Temperatures
3.4.1 Appearance of the Specimen

A change in the specimen’s colour is observed as a result of exposure to various
temperatures, as illustrated in Fig. 9. The darker surface of RS ECC specimens at 200°C
results from dehydration and water evaporation. As the temperature reaches 400°C, PVA
fibres melt, resulting in grey. After 600°C, a light grey colour indicates C-S-H gel
dehydration. Yellowish grey at 800°C is related to C-S-H gel decomposition. Similarly, the
colour of SS ECC specimens is comparable to that of RS ECC specimens up to 600°C. Grey-
white after exposure to 800°C is due to ECC containing SS, which has higher heat-insulation
capacity and extends the time it takes for hydration products to decompose.

- g

(b)
Fig. 9. Appearance of specimens at various temperatures: (a) RS ECC (b) SS ECC

3.4.2 Compressive Strength Test

The ratio of compressive strength at various temperatures (fcr) and compressive strength
at 289C (fc) is used to obtain normalized strength (fcr/ fc). The fcry fc of ECC at various
temperatures for 28 and 90 days are indicated in Fig. 10 and Fig. 11. Fig. 10 shows that
after exposure to 200°C, the strength for E1, E2 and E3 is improved by 6.1%, 8.3% and
7.5% for 28 days as compared with specimens at 28°C. A similar phenomenon is observed
in another study [30]. It is due to the accelerated pozzolanic reaction, but for 90 days (Fig.
11), it shows a 9%, 6% and 4% reduction in strength.

T T T T
0 200 400 GO0 800
Temperature (°C)

Fig. 10. ECC compressive strength at various temperatures after 28 days
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When the temperature rises over 400°C, the strength of ECC mixes decreases, due to the
small channels from melted PVA fibres in the matrix (Fig. 18). After exposure to 600°C and
800°C, due to hydrates decomposition, the strength is decreased. Normalized strength for
E4-E18 is higher than those of E1-E3 regardless of the curing period because of the denser
structure and heat-insulation capacity of the SS [31]. As mentioned below, C-S-H would
decompose at 800°C, and Fig. 16 clearly shows that E3 contained significantly less C-S-H
than E15. The C-S-H is responsible mainly for the ECC strength. So, the strength loss is
greater when C-S-H is very low. A similar trend is observed (Fig. 11) for 90 days.

T T T T T T T
0 200 400 600 300

Temperature (°C)

Fig. 11. ECC compressive strength at various temperatures after 90 days
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Lachesmi &
Exdem.

Temperature (°C)
Fig. 12. Normalized compressive strength comparison with literature

The normalized compressive strength of M45 ECC obtained from the literature is
compared in Fig. 12 [8][7][32]. The normalized strength of E15 is higher at all
temperatures when compared to the results of earlier research. The reaction between SiO:
and Ca(OH)2. According to Table 3, SS contains about 50%Si0:. It is well known that the
silicates can react with Ca(OH)z produced during cement hydration to form additional C-S-
H compounds, which reduce the porosity and enhance the strength. Another reason is that
ECC containing SS, which has higher heat-insulation capacity, delays the decomposition of
hydration products even at 800°C.
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3.4.3 UPV Test

The ratio of UPV at various temperatures (Ur) and UPV at 28°C (U) is used to obtain
normalized UPV (Ur, U). The Ur/U of ECC at various temperatures for 28 and 90 days are
presented in Fig. 13 and Fig. 14. Up to 400°C, the formation of small channels in the
specimens due to the melted fibres causes the percentage variation in UPV. At high
temperatures (600°C and 800°C), more pores are formed in ECC, extending the pulse wave
travel distance and lowering the UPV values. ECC developed with SS (E4-E18) suffered less
internal damage at various temperatures than ECC made with RS (E1-E3), because of the
stable chemical composition of SS. However, E15 stands out best because of its denser
structure and stronger heat insulation capacity.

0.5 1

0.4

03 . . . , . . , ;
0 200 400 600 800

Temperature (°C)

Fig. 13. ECC UPV at various temperatures after 28 days
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Fig. 14. ECC UPV at various temperatures after 90 days

3.4.4 Stress-Strain Curves at Various Temperatures

The stress-strain curves of E3 and E15 specimens at various temperatures (TO, T1, T2, T3
and T4 represent the 28°C, 200°C, 400°C, 600°C and 800°C) at 90 days are shown in Fig.
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15. The decrease of peak stress of the curves are observed for both RS and SS ECC
specimens with an increase of temperature up to 800°C. But, higher peak stress and strain
values are observed for E15 compared to E3 at various temperatures. The peak strain is
relatively high at 28°C because the PVA fibres prevent cracks from forming and expanding.
The PVA fibres melted at 200°C, increasing the porosity. As the temperature rises, more
cracks form and the peak strain is attained at a higher rate. With increased temperature,
the ductile nature of both RS and SS ECC specimens becomes brittle.
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Fig. 15. Stress-strain curves at various temperatures after 90 days

3.4.5 Chemical Composition at Various Temperatures

A study on various mixes at various temperatures is conducted on cube specimens. XRD
analysis is performed on the samples collected after the compressive testing process to
identify the chemical composition of ECC. Among all, better properties are observed in E3
and E15. So, the XRD pattern of E3 and E15 at various temperatures is highlighted in Fig.
16. At 28°C, hydration products like Calcium Silicate Hydrate (C-S-H) and Portlandite
(Ca(OH)z) are identified for both E3 and E15.

The dehydration process is initiated at various temperatures. For E3, at 200°C, the
decreased peak value of SiOz is observed, as indicated in Fig. 16 (a), but it increases when
ECC is subjected to 400, 600 and 800°C. For E15, the peak of SiO: is higher at 28°C and
becomes lower after exposure up to 800°C (Fig. 16 (b)), resulting in more C-S-H gel
formation than E3. The C-S-H phase is still identified at 800°C for E15 and not observed for
E3. At 200°C and 400°C, part of Ca(OH): starts to decompose (Ca(OH). —  CaO + H20),
at 600°C and 800°C, is not observed in E3 and E15. In general, Ca(OH)2 decomposition is
completed at about 530°C [33]. At 800°C, Dicalcium Silicate (Caz2SiO4) and Tricalcium
Silicate (CasSiOs) are identified, which are formed due to hydration products
decomposition for E3, along with CazSiOs and CasSiOs, the Magnesium Ferrite (MgFe204) is
found for E15. The MgFe204 is formed due to a chemical reaction between magnesium
oxide (MgO0) and ferric oxide (Fe203).
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Fig. 16. XRD pattern for ECC at various temperatures: (a) E3, (b) E15

3.4.6 Microstructure at various temperatures

The microstructure of E3 and E15 at various temperatures is shown in Fig. 17. At 200°C;
both mixes show a change in the morphology of the fibres (Fig. 18). Therefore, PVA fibres
Shrinking may result in matrix separation and a loss of strength. At 400°C, when compared
to the E3, the E15 exhibits a compacted matrix with a lower availability of unreacted FA.
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Fig. 17. Microstructure of E3 and E15 at various temperatures

In RS and SS ECC, the PVA fibres helped reduce pore pressure and prevent spalling through
melting (seen in Fig. 9 and Fig. 19). At 600°C, irregular bush-like structures are observed
due to thermophysical reactions. Strength loss in both mixes occurred at 800°C due to
matrix deterioration, hydration product decomposition, and cracking. In contrast to E3,
however, E15 exhibits a lesser loss in strength because of the denser structure and heat
insulation capacity of the SS.
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Fig. 19. Melted PVA fibres after 400°C (a) E3 (b) E15

4. Conclusions

The effect on the characteristics of ECC at elevated temperatures is experimentally studied.
The following conclusions are formed in perspective with test findings:
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The reduction in flowability is observed when SS partially replaces the RS. The RS
ECC mixes flowability is about 210-185 mm, and SS ECC mixes vary from 200-135
mm. Combining fibres with SS's angular and rough surface texture may restrict the
smooth flow.

The rise in compressive strength and UPV at all ages is observed with the
replacement of the RS by SS up to 50%. Among all in the E15 mix, better
improvements in strength and quality are noticed. Ca(OH)2 produced on the
hydration of cement can react with SiO2 to form more C-S-H, which reduces the
porosity and enhances the strength and quality.

The spalling behaviour is not observed in both RS and SS ECC at elevated
temperatures.

The darker surface of RS ECC at 200°C results from dehydration and water
evaporation. As the temperature reaches 400°C, PVA fibres melt, resulting in grey.
After 600°C, a light grey colour indicates C-S-H gel dehydration. Yellowish grey at
800°C is related to C-S-H gel decomposition. Similarly, the colour of SS ECC
specimens is comparable to that of RS ECC specimens up to 600°C. Grey-white after
exposure to 800°C is due to ECC containing SS, which has higher heat-insulation
capacity and extends the time it takes for hydration products to decompose.




Naveen and Bhat / Research on Engineering Structures & Materials 10(3) (2024) 897-915

e UPV test is used to understand the developments of voids and cracks in the ECC.
The higher and lower values depend on the evolution of cracks in ECC. Thus, UPV
tests have revealed that the E15 has better resistance to the evolution of cracks
under elevated temperatures.

e The normalized strength of SS ECC is higher than that of RS ECC at elevated
temperatures. The E15 specimens provided higher normalized strength even at the
800°C.

e The higher peak stress and strain values are observed for E15 compared to E3 at
various temperatures. The peak strain is relatively high at 28°C because the PVA
fibres prevent cracks from forming and expanding. The PVA fibres melted at 200°C,
increasing the porosity. As the temperature rises, more cracks form and the peak
strain is attained at a higher rate.

e The XRD results revealed that The C-S-H phase is still identified at 800°C for E15
and not observed for E3. At 800°C, MgFe204 is found in E15.

e The SEM images showed that the increase in temperature, the voids and cracks
increased in the RS ECC. However, at elevated temperatures, SS ECC retained a
better-compacted structure than RS ECC due to the greater heat insulation capacity
of the SS.

5. Future Scope

The performance of SS ECC reinforced with higher temperature-resistant fibres, including
steel, carbon, and basalt fibres, should be studied. The durability property of hardened ECC
in terms of volume stability has to be investigated.
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Piled-raft foundations have gained increasing popularity in the past few decades,
Article history: providing a viable alternative to traditional raft and pile foundations. Despite

this, designers are reluctant to apply them frequently in practice due to their
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effective in reducing settlement and can sustain heavier loads from
superstructures. Experimental investigations have been conducted in the

Keywords: present study to ascertain the load-sharing behaviour in piled-raft foundations

under vertical loading. Since experimental research on piled-rafts, especially
Piled-raft; over clay, is quite sparse, small-scale lab tests were conducted on piled-rafts over
Experimental analysis; both sand and clay. Experimental comparisons of unpiled rafts and rafts with
Settlement; piles have been established for a better understanding of the individual and
Load sharing collective response of piles and rafts. Moreover, the effects of a few geometric

parameters on the load-bearing capacity of the foundation have been observed.
The results showed a significant contribution of the raft to load sharing in piled-
raft foundations. It was also observed that the individual load-bearing capacities
of the raft and the piles, when summed together, differ from that of the piled-raft
foundation due to the interactions between the soil and the foundation
components. Observations also supported the fact that increasing the length and
number of piles enhances the load-bearing capacity of the foundation. The load-
sharing ratio and load improvement ratio increase with the number of piles.
Eventually, it can be concluded that piled-rafts are better at minimizing
settlement and simultaneously carrying heavier loads.

© 2024 MIM Research Group. All rights reserved.

1. Introduction

There is an increasing need for high-rise constructions due to the rising global population
and fast urbanization. The foundations of such constructions are often subjected to
tremendous stresses, yet there might not always be a rigid stratum everywhere to sustain
them. Hence, they must be placed on soft soils, where settlement, especially differential
settlement, is a major problem. The raft foundation has proven to be a good basis for
overcoming bearing capacity restrictions, although it may still exceed the permissible
differential settling. The conventional pile foundation might restrict the settlement to a
permissible limit and transmit the superstructure load to deeper strata.

The conventional pile foundation design does not consider the raft’s contribution to load
sharing, and hence, several piles may be used to serve the purpose. Consequently, a
combination of pile and raft foundations has become popular in recent years as a rational
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and economical foundation system. Such foundations have commonly been known as
piled-rafts or piled-raft foundations. Piled-rafts can be used whenever the raft or pile
foundation alone is not sufficient to counteract the upcoming stresses.

Since their introduction by Burland et al. [1] as settlement reducers, piled-raft foundations
have drawn a lot of attention as an economical foundation system. Following that, several
studies have extensively employed this approach [2-6]. In such an approach, the bearing
capacity of the raft is utilized to withstand the applied load, and piles are used to reduce
settlements, particularly differential settlements, to a reasonable limit. Another approach
is the conventional pile design wherein the piles resist the entire load, and the contribution
of the pile cap is completely ignored.
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Fig. 1. Interaction mechanism in piled-rafts

High-rise constructions may be assured of having a safe and economical foundation by
utilizing a midway strategy that makes use of both the raft and piles' load-bearing capacity.
The load-sharing between piles and the raft in such an approach can be more advantageous
in the case of strategically employed geometries and soil characteristics. With growing
popularity, this approach has been adopted by several scholars [7-9]. Studies on the load-
sharing behaviour of piled-rafts have primarily focused on the geometry and stiffness of
the foundations [10, 11]. The load-sharing behaviour in piled-raft changes with the
settlement as its load-bearing capacity depends on a specific settlement. Hence, it is
necessary to consider the non-linear load response of the piled-rafts as well as the
interactions between supporting soil and the foundation elements. Following that, a
normalized load response model was proposed by Lee et al. [9].

Recent times have witnessed a growing exploration of eco-friendly practices. Rouhanifar
[12] explores sustainable sand-rubber mixtures, focusing on mechanical behaviour
parameters for low compaction efforts. Similarly, Fareghian [13] proposes recycling waste
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tire textile fibre (WTTF) to enhance soil properties, reflecting a broader shift toward
environmentally conscious practices in the field.

Due to the interactions between soil and the foundation elements, it becomes very complex
to understand the load distribution behaviour in piled-rafts (Fig. 1). However, it becomes
feasible with modern technologies and high-speed computers to numerically analyse them
through available commercial codes. Viggiani [4] broadly classified piled-raft foundations
into small and large piled-rafts. Small piled-rafts refer to those in which the raft lacks the
necessary bearing capacity to withstand the overall load. Piles are hence affixed to attain a
reasonable level of safety. Due to the high rigidity of rafts in small piled-rafts, differential
settlement is not a serious issue. Alternatively, those in which the raft alone carries the
applied load satisfactorily and needs piles only for reducing the settlement are called large
piled-rafts.

The strategic location of piles plays a key role in improving the load-bearing capacity of the
raft and also serves to minimize the total and differential settlement. Moreover, due to
recent technological advancements, piled-rafts are now not only limited to high-rise
structures but can also find their application in bridges, thermal power plants, offshore
structures, residential buildings, and oil storage tanks [14, 15]. Various approaches to
piled-raft analysis have been briefly reviewed in the subsequent section.

2. Literature Review

Several approaches to piled-raft analysis have been developed since its inception. The
initial theories viewed a raft as a plate or a succession of strips supported over spring. [16,
17]. Later on, simplified approaches have been developed. It includes a manual calculation
approach by Poulos and Davis [18] which assumed a tri-linear load-settlement curve.
Randolph [2] established approximate equations for the stiffness of piled-rafts that were
mostly acceptable for traditional pile design.

For complex problems, researchers started using commercial codes based on numerical
methods like BEM, FEM or their combinations. Finally, to validate the numerical results
and evaluate the performance of piled-rafts under real-world conditions, experimental
trials have been conducted. The most frequently used methodologies nowadays are the
numerical techniques which may comprise of the finite difference method, finite element
method, boundary element method or a hybrid amalgamation of these. The emergence of
high-speed computing technology and the various commercial codes generated over time
has boosted the use of these strategies. Researchers have used tools like PLAXIS, FLAC, and
ABAQUS to simulate the complicated 2D and 3D problems involving interaction problems
of piled-raft foundations. A benefit of 3D simulation is its capacity to analyse even the most
complicated scenarios. Although using 2D simulation is quicker and easier than using 3D
simulation, the underlying 3D problem must first be adequately simplified.

Reul and Randolph [19] conducted parametric investigations on piled-rafts exposed to
uneven vertical loads using finite element analysis. de Sanctis & Mandolini [8] performed
a 3D analysis to figure out the failure load coefficients that consider the interaction
between the piled-raft components. A non-linear 3D study on piled-rafts supported over
soft and stiff clay was done by Cho et al. [20]. The widely spaced piles were found more
productive at lowering the average settlement. It was observed that the loading type
mostly influences the differential settlement, whereas the pile geometries significantly
affect both the average and differential settling. Sinha and Hanna [21] investigated the
variations in soil properties and piled-raft geometry using a 3D model. Similarly, several
other articles on numerical analysis of piled-rafts are listed in their references.
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Case studies on piled-rafts over Frankfurt clay have been the focus of numerous
investigations [22, 23]. Yamashita [24] examined certain constructions on piled-rafts in
Japan that were subjected to seismic loading. Additionally, Japan has released a design
standard for piled-raft foundations [25]. Reports on the behaviour of piled-rafts under
actual structures have also been published [26, 27].

In contrast to numerical analysis, there is limited information available about experimental
studies on piled-rafts, especially those supported over clayey soil. It is evident from the
literature that experimental studies of piled-rafts can be conducted either using small-
scale model tests or centrifuge tests.

Unsever et al. [28] conducted experimental studies on a piled-raft in the sand under
combined loadings. Lateral and vertical tests were carried out on a piled-raft with three
piles and the results were later verified using PLAXIS 3D software. It was evident that the
interaction between raft and piles has a significant impact on how a piled-raft behaves.
Kumar [29] studied the impact of raft size, pile length, and number of piles on the
settlement of a foundation system in dry sandy soils with relative density of 70% through
an experimental study. Deb et al. [30] analysed two variations of small-scale piled raft
models are created, featuring 2 x 2 and 3 x 3 pile configurations. The experimentation
involves modifying the spacing between piles and the thickness of the clayey soil to explore
diverse scenarios. Chandiwala & Vasanwala [31] investigates a 160 mm x 160 mm pile-raft
model, revealing that optimal pile spacing and length enhance bearing capacity while
reducing raft settlement. The findings suggested that careful consideration of pile spacing
and length in pile-raft systems has the potential to markedly impact lateral load
distribution, presenting a more cost-effective and efficient foundation option for
skyscrapers.

Piled-raft behaviour in the sand was analysed experimentally in the laboratory using small
model foundations by Elwakil & Azzam [32]. It was discovered that the percentage of load
shared by raft increased with a reduction in pile numbers and lengths. Moreover, the
optimum performance of settlement-reducing piled-raft was achieved at a settlement ratio
of 0.7% and the percentage of load taken by raft was 39%. Kumar and Kumar [33]
experimentally examined the piled-raft behaviour in which the relative density of sand was
varied. The differential settlement ratio was observed to decrease while the load
improvement ratio increased with the number of piles. It was determined that the raft in
combination with piles was found to be very effective in reducing the settlements.

Variations in relative density and number of piles were also investigated by Sosahab et al.
[34] through lab experiments on piled-rafts. In contrast to the pile numbers, the former
parameter proved to be more influential. Besides, the load improvement ratio was noticed
to be more pronounced in the case of loose sands. A study on load eccentricity was
conducted and it was revealed that the ultimate bearing capacity of the piled-raft gets
reduced when the eccentricity of load increases.

Bajad & Sahu [35] performed 1g laboratory model tests to examine the effects of
interaction among the raft and piles in a vertically loaded piled-raft supported on locally
available soft clay. Mandal & Sengupta [36] inspected the behaviour of piled-rafts on soft
clay under eccentric loading. For the same e/B ratio, the average settlements for rafts with
piles were lowered significantly when compared to unpiled-rafts. Additionally, it was
determined that piled-rafts were quite beneficial in minimizing the differential settlement.
Hoang & Matsumoto [37] studied the long-term consolidation in clays. Although ground
creep caused the foundation to continue settling, the load supported by the raft and piles
remained steady.
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A number of centrifuge tests were performed by Park and Lee [38] to explore several
interaction effects of piled-rafts over silica sand. Load-displacement curves demonstrated
that the response of a piled-raft first resembled that of piles and with the later settlement,
it became more comparable to those of rafts. According to load response, the influence of
raft-pile interaction was more pronounced in the upper soil zone. Azizkandi et al. [39]
conducted centrifuge tests in the sand to examine the impact of relative density on the
interaction between two piles. The findings indicated that the relative density of soil has a
significant impact on the interaction coefficients. Consequently, the consideration of the
relative density to modify the Randolph and Wroth equation proved to outperform the
earlier approaches.

A parametric study using a centrifuge test was also conducted on connected and non-
connected piled-rafts by Rasouli et al. [40]. The parameters involved were pile spacing, pile
numbers and thickness of the granular layer. Several centrifuge experiments were
performed by Sahraeian et al. [14] to analyse an oil tank over piled-raft foundation on dry
and saturated sand. It was observed that using piled-rafts to support an oil tank can
effectively lessen the tank settlement and rocking motion.

Horikoshi et al. [41] and Nakai et al. [42] performed dynamic centrifuge model tests to
examine the dynamic response of pile groups and piled-rafts. Shake-table tests were
performed by Matsumoto et al. [43] to examine the response of piled-rafts beneath a
superstructure. The effect of moments and lateral loads have also been observed on a
piled-raft in the sand by Sawada and Takemura [44] using centrifuge tests. Due to the raft’s
contact with the supporting soil, the horizontal resistance of piled-raft was found to be
greater as compared to group piles. Cyclic lateral loading tests were conducted by Hamada
et al. [45] to investigate the behaviour of vertical load during the seismic activity. The
findings demonstrated that the majority of the lateral forces were resisted due to the
friction of the raft when there was significant earth pressure below it. Horikoshi et al. [41,
46] examined load sharing in laterally loaded piled-rafts over loose sand while considering
various pile head fixities.

In the current paper, the performance of piled-rafts in sandy and clayey soil was
investigated under vertical loading. Several small-scale tests were performed on a raft,
group piles and piled-rafts to observe the load-sharing behaviour under vertical loading.
For this purpose, an experimental setup was prepared and several trials were conducted
using a model raft with piles of three different lengths, namely, 160mm, 260mm, and
360mm. The number of piles used to perform parametric analysis on sand and clay varied
from 1 to 9. Finally, the load improvement ratio (L/R) and the load sharing ratio were
evaluated with the number of piles.

3. Test Materials and Equipment

The expense of large field tests makes it challenging to conduct several trials in a brief
amount of time. For this reason, laboratory tests have traditionally been prevalent.
Further, it is easier to monitor and achieve desired soil characteristics under controlled
laboratory circumstances. With a proper understanding of the model’s behaviour, it can be
more feasible to apply it in the field reliably and cost-effectively.

The objectives of the current study focus on the load-settlement behaviour of piled-rafts
with various layouts. The following sections provide details on test materials, model
configurations, and testing techniques that have been used.

Several numbers of test-trials were performed on both sand and clay to attain the
objectives of the study. To verify the outcomes, the tests were repeated twice wherever
required. The dimensions of the box used for the tests were chosen in a way such that the
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boundaries shouldn't have any impact on the test results. Hence, it was decided to use a
soil bin with a depth at least twice the longest pile length [21]. Also, the bin width was
assumed to be five times the raft width.

3.1 Test Soils

Locally available Son River sand and clay from the Ganga basin were used in the current
investigation. The Son River is one of the Ganges’ largest tributaries, and its sand is widely
used in civil engineering purposes across India. The sand particles are yellowish-brown
and coarser in size. The used sand and clay were collected from the nearest construction
site. Undesirable materials such as roots, plastics or organic wastes were physically
removed from the soils and were completely dried. Fig. 2 displays the clay and sand
samples that were used.

Fig. 2. Sand and clay

The Index properties of soils used in engineering establish their classification and
identification. Table 1 lists some of the key index properties of the soil utilised in the
current research. Hata! Basvuru kaynagi bulunamadi.3 shows the particle size
distribution curves of the used sand. Such a curve represents the distribution of the soil
sample into different fractions depending on their sizes. Fig. 4 graphically illustrates the
relationship between the density index and the voids ratio for the sand.
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Fig. 3. Particle size distribution curve of Fig. 4. Density index v/s voids ratio

sand

The coefficient of uniformity (C,) and coefficient of curvature (C.) were obtained as 2.71
and 0.91, respectively. Consequently, the sand sample can be categorized as poorly graded
sand (SP) as per 1S1498-1970 [47]. Direct and triaxial shear tests are widely adopted
methods to determine the shear parameters [48]. Shear parameters of sand were
computed using direct shear tests and triaxial tests as per IS 2720 (Part 13)-1986 and IS
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2720 (Part 11)-1993 [49], respectively. The friction angle was found approximately to be
39°. Specific gravity was obtained to be 2.67 using the Pycnometer method. The minimum
and maximum dry unit weights of the sand sample were determined as per IS 2720 (Part
14)-1983 as 1.52 and 1.73. Finally, the relative density of sand was discovered to be 65%,
indicating dense sand.

Table 1. Physical properties of sand and clay

Parameters Sand Clay
Specific Gravity (G) 2.67 2.58
Minimum dry unit weight, ¥4 ;in (KN/m?) 14.90 -
Maximum dry unit weight, ¥ max (KN/m?) 16.96 -
D1o(mm) 0.35 0.004
D3¢ (mm) 0.55 0.015
Dgo(mm) 0.95 0.075
Uniformity Coefficient (C,) 2.71 18.75
Coefficient of Curvature (C.) 0.91 0.75
Liquid Limit (w;) - 40.50%
Plastic Limit (wp) - 22.68%
. Poorly graded sand Intermediate plasticity cla
Soil Type y %SP) (CI;) ycay

In the case of clay, sieve analysis and hydrometer analysis were performed in accordance
with IS 2720 (Part 4)-1985. The corresponding curves are illustrated in Fig. 5 and Fig. 6.
The liquid limit and plastic limit tests were performed using procedures mentioned in IS
2720 (Part 4)-1985 [49] and were found to be 40.50% and 22.68%. Finally, according to
[S1498-1970 [47], the Casagrande plasticity chart identified the used clay as clay with
intermediate plasticity (CI).
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Fig. 5. Sieve analysis Fig. 6. Hydrometer analysis

3.2 Raft and Piles

A square steel plate with sides of 150mm and a thickness of 10mm was used to model the
raft. To fasten the model piles in prescribed layouts, 9 similar holes with 50mm spacings
were made. Depending on the required configurations, the piles were fastened to these
holes and tightened using the nuts through threads. The threaded portion in the piles is
confined to the upper section, leading to a minimal impact on the overall behaviour of the
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system. The bolts were used to plug holes in the raft. Fig. 7 depicts a model piled-raft with
9 piles attached in a proper arrangement. The current investigation used 1,4, 5 and 9 piles
with lengths of 160mm, 260mm, and 360mm. The cross-sections of all 27 model piles were
circular, with a diameter of 12mm. Elastic modulus and Poisson’s ratio of the piles were
found to be 200GPa and 0.28, respectively.

Fig. 7. Model piled-raft

Table 2 provides other mechanical properties of the model steel piles. These piles were
threaded on the upper side and attached to the raft using nuts. To achieve total fixity, the
bolts were provided on both sides of the raft and tightened with a wrench. The different
configurations of model piled-rafts used in the study are shown in Fig. 8.

Table 2. Mechanical properties of the steel piles

Parameters Values

Unit weight (kN/m?3) 72.43
Minimum yield strength (N/mm?) 355.53
Minimum ultimate strength (N/mm?) 511.62
Minimum % elongation 23.33

Based on the relative stiffness factor (K,.), Poulos and Davis [18] categorised piles into
two types: rigid and flexible. Mathematically, the relative stiffness factor K, is defined as
follows in Eq (1):

_Epl, (1)
rc ESL4

Here, E, represents the elastic modulus of the model pile and E; denotes the secant
modulus of the supporting soil. L denotes the embedded length of pile and /,, represents
the moment of inertia of the model pile. A pile is considered rigid if K, is greater than
(1072) and while it is classified as flexible if K, is less than (107%). With L/D ratios of 13.33,
21.67, and 30, the piles considered for the present study fall into the category of flexible
piles.
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Fig. 8. Different configurations of model piled-raft

3.3.1. Scaling Law

The dimensions and proportions of the model need to be adjusted to accurately represent
the prototype. To achieve this, scaling is performed using specific scaling laws. Various
researchers have suggested scaling laws to imitate the prototype using an equivalent
experimental model. Both laboratory and prototype models exhibit direct proportionality
in dimensions such as length and width. However, parameters like moment of inertia and
flexural rigidity cannot be directly scaled proportionally. Hence, distinct scaling laws are
utilized to accommodate these variations. The present study applies the scaling law
proposed by Alnuaim et al. [50], which can be represented in Eq (2) and Table 3 below.

(El)p = n3'64(EI)m (2)

Table 3. Scaling factors used in the present study

Parameters Scaling factors

Pile length 1/n

Pile diameter 1/n

Raft thickness 1/n
Density 1

Flexural rigidity, (EI), (ED),/n%*

Stress 1/n

Strain 1

Here, EI represents the flexural rigidity of the pile, while p and m denote the prototype and
model, respectively. The scaling factor is denoted by 'n'. It is important to note that the
primary objective of this paper is not to replicate a specific prototype. Instead, it aims to
investigate and analyse the behaviour of piled rafts within layers of sand and clay.
Moreover, the existing literature on experimental analysis has utilized raft dimensions of
150mm X 150mm [29] and 300mm X 300mm [30]. Therefore, it is reasonable to justify
the adoption of a square raft with dimensions of 150mm X 150mm in the current paper.

3.3 Soil Bin

The entire experimental work was carried out in a soil bin with dimensions of
750mm X 750mm X 800mm. Wooden plies were used to construct the bin and an iron
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framework was used to stiffen the bin. The framework was made up of multiple iron rods
that were welded together and wrapped around the wooden bin to prevent the
connections from opening. The dimensions of the bin were chosen to ensure that the
influence zone of the foundation remained within the boundaries.

3.4 Loading Mechanism

A manually operated hydraulic jack was used to load the foundation model. The
mechanism of the hydraulic jack is designed to pull self-lubricating fluid from its reservoir
and release it into a cylinder that further applies the loads. This fluid being incompressible
helps in creating pressure between the reservoir and the cylinder through a pump plunger.
On each stroke, the plunger assists in drawing the fluid from the reservoir via a suction
valve. The fluid is then released into the cylinder after being pushed via a check valve. The
suction valve closes after the fluid has passed through the check valve, creating oil pressure
inside the cylinder. This oil pressure pushes the cylinder to exert loads.

To measure the amount of load applied, a proving ring with a maximum capacity of 15kN
was mounted at the centre of the raft. Two dial gauges of accuracy 0.01mm were attached
to the raft to determine its vertical settlement. Dial gauge comprised of a gauge for
assessing the displacement that the needle has gone through during the entire process. The
gauge was fixed to steel rods to adjust the position and height of the needle. Needles of dial
gauges were placed at the extreme corners of the raft and the gauge was clamped using a
magnetic base.

4. Test Procedures

The following sections cover all of the test procedures for the current experimental
investigation. The unpiled-raft was investigated first, then the piled-raft, and finally the
group piles. Figs. 9 and 10 illustrate the schematic diagram and the actual experimental
arrangement.

JE 4l

Hydraulic
Juck

Proving Ring
Dial gauges

Wooden
box

-

Fig. 9. Schematic diagram of the Fig. 10. Actual experimental arrangement

experimental arrangement

4.1 Preparation of Soil Bed

Soil bed preparation is a crucial step in conducting experimental analyses of small-scale
model piled rafts. It involves meticulous planning and execution to ensure accurate
representation of real-world soil conditions. The soil is carefully selected based on its
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gradation and properties, such as particle size, shape, and angularity, to closely resemble
the target soil profile. The soil is then evenly spread and compacted layer by layer, ensuring
uniform density throughout the bed. The behaviour of small-scale model piled rafts under
various loading situations can be thus precisely modelled in an experimental setup by
carefully preparing the soil bed.

The soil bed was prepared using the dry pluviation method, where the soil was allowed to
fall freely from a predetermined height at a consistent rate. By employing a pluviation
height of 750mm, a relative density of 70% was achieved. To create the sand bed, regular
intervals were marked within the container, and a measured amount of sand was added
up to each marking to maintain the desired density. A 4.9kgs circular plate with a diameter
of 150mm and a thickness of 25mm was used to compact the sand. This activity was
repeated until the bin’s full height of 750mm was reached. The top 50mm of the soil bin
was left empty to prevent any overflow during loading. The respective densities were
maintained throughout the soil bin with a tolerance of 0.5%. The topmost layer of the soil
surface was properly levelled and verified using a spirit level to ensure the proper
placement of the raft. The aforementioned process was repeated for each set of tests.

The clay bed preparation followed a procedure similar to that described by Rao et al. [51].
The clay was combined with the appropriate amount of water in a separate mixing tank
until it reached a consistency (I.) of 0.30, representative of the clay used in the study. The
same procedure was adopted for clay as discussed above for sand in order to compact the
clay in layers. Measurements were taken of the water content, density, and undrained
shear strengths at different depths within the soil bed to confirm homogeneity.

4.2 Driving of Piled-Raft

The model foundation was positioned at the centre and slowly inserted into the soil using
the hydraulic jack. In the case of piled-rafts, the process was continued until the raft’s
bottom came into contact with the soil and thus completely supported over it. Likewise,
the raft was kept 30mm above the surface in the case of group piles

4.3 Taking Observations

The jack was lowered until it came in contact with the proving ring and dial gauges started
responding. Further, the readings in all the dial gauges were corrected to zero. Centring of
the raft was done using a plumb bob suspended through the centre of the jack to ensure no
eccentricity. Concentric vertical loading was hence employed through the jack in
increments. The load was continued till the full extension of the jack length. Since the
loading was concentric and rotation of the raft was not allowed, hence the dial gauge
readings were nearly identical.

The load readings were observed at every 5 divisions of the proving ring having a
calibration factor of 1.18. Corresponding settlements in dial gauges were noted down.
These dial gauge readings were averaged to acquire the average settlement. Ultimately, the
load versus settlement curves were potted for each model configuration.

5. Results and Discussion

The following sub-sections discuss the behaviour of piled-rafts with different
configurations. In the current experimental investigations, the variation in pile lengths and
pile numbers is analysed and plotted as load-settlement curves.

El-Garhy et al. [52] used 10mm and 25mm as the index parameters for the experimental
study. Bowles [53] adopted the ultimate load capacity as the load at 60mm of settlement.
However, the load-settlement curves in the present study do not show a considerable
change at the initial phases of settlement and the change may be better noticed in the later
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stages. Besides, the observations are restricted to 50mm due to the limitation of dial
gauges. As a result, a higher settlement of 40mm has been chosen as the index parameter
in the current research.

5.1 Effect of Number of Piles

The model raft was initially rested on the foundation soil, and its behaviour was assessed.
It was important to examine the raft’s behaviour to compare it with the behaviour of model
piled-rafts. To analyse the effectiveness of attached piles, the number of piles (n,) varied
from 1 to 9.

Fig. 11 and Fig. 12 indicate that as the number of piles increases, the load-bearing capacity
of the piled-raft also increases. It was observed that an unpiled-raft in the host sand has a
load-bearing capacity of 3.6kN at 40mm settlement. This capacity increased to 4.5kN, 8kN,
10KkN, and 14kN, when the number of piles affixed to the raft varied, measuring 1, 4, 5, and
9, respectively. Similarly, the load capacity improved from 3.6kN to 5.2kN, 7.9kN, 8.8kN
and 10.2kN, in the case of clay. The results are anticipated as the additional piles begin
interacting with the underlying soil over a wider surface area. Consequently, the piles can
resist a greater amount of the load. It can be confirmed by the literature reported [30].
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Fig. 11. Effect of number of piles in sand
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Fig. 12 Effect of number of piles in clay

However, Poulos [54] noted that adding more number of piles to improve the performance
of a piled-raft foundation may not always be advantageous. This is due to the fact that once
a certain threshold is crossed, very little benefit is observed, and this could result in an
uneconomical decision.

5.2 Effect of Pile Length

The impact of varying pile lengths has been presented using load-settlement curves in Fig.
13 and Fig. 14. The experimental setup involved the unscrewing of one set of piles while
substituting them with piles of different lengths attached to the raft. As the pile length
increased, we observed a corresponding improvement in the overall load-carrying
behaviour. This relationship is indicative of the enhanced support and structural stability
provided by longer piles.

The increased pile length contributed to a more substantial interaction with the underlying
soil, effectively distributing and transmitting loads more efficiently. This phenomenon led
to a higher load-bearing capacity as longer piles exhibited improved resistance to
settlement and deformation. As the length of the piles (L,) affixed to the raft varied,
measuring 160mm, 260mm, and 360mm, the load capacity in the case of sand further
improved to 6.2kN, 8.5kN, and 13.8kN, respectively at 40mm settlement. Although this
load capacity is for a piled-raft with 9 piles, similar increases can be noticed for different
numbers of piles as well. It can also be observed that piled-rafts over sand and clay with
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any number of piles exhibit a similar trend, and the load capacity in the clay case also

enhanced by almost 92%, 150%, and 192%, respectively.
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Fig. 13. Effect of pile length in sand
Load (kN) Load (kN)
[ 2 3 4 5 6
° 1 : —
- L’l 160mm)|
—h— L" 260mm|
10 4 —¥— L= 360mm)
= 3
! :
=
3
404
50 |
Raft+1Pile Raft+4Piles
(a) (b)

930



Pandey et al. / Research on Engineering Structures & Materials 10(3) (2024) 917-942

Load (kN) Load (kN)
] 2 4 6 8 10 12
0 L : L L L
—&— Raft
—&— L= 160mm)|
—a— L= 260mm
10 4 —v—L,” 360mm

Settlement (mm)
3
/
4

Settlement (mm)

Raft+5Piles Raft+9Piles

() (d)
Fig. 14. Effect of pile length in clay

It is evident that when pile lengths increase, surface area increases as well. It suggests an
improvement in shear strength and eventually an increase in the load capacity. This
supports the findings that have been documented in the literature [34] reporting that
piled-rafts with longer piles sustain greater loads.

5.3. Effect of Pile Numbers in Pile Groups

The behaviour of pile groups was first studied to compute the load sharing in piled-rafts.
Fig. 15 illustrates the comparison of model pile foundations with different numbers of
piles. The pile length of 360mm was only considered. The pile foundation model was
inserted into the soil such that the raft serving as the pile cap was not in contact with the
soil surface and raised 30mm above it.
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Fig. 15. Effect of pile numbers in pile group in (a) sand and (b) clay

Using 25mm as the reference settlement level in the pile group over sand and clay, the
single pile carried a load of 0.25kN and 0.75kN, respectively. It was found that the pile
group comprising of 9 piles carried more than 7 and 6 times higher load than a single pile.
Similar to the piled-raft case, it was also found that the load-bearing capacity of the pile
group gets improved with an increase in the number of piles. Moreover, the deviation in
the curve after 30mm settlement indicates that the raft has made contact with the soil
surface, and has started taking loads.
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5.4. Comparison Between Raft, Piles and Piled-Raft

To study the combined behaviour of the raft and piles in a piled-raft, load-settlement
curves depicting raft and group piles are individually plotted and then compared with the
piled-raft. In the case of group piles, it was ensured that the piles are freestanding and that
the bottom surface of the raft does not touch the supporting soil. When the raft was
unpiled, it was resting directly over the supporting soil, without any piles attached to it. It
was discovered from Fig. 16 and Fig. 17 that the combined load-bearing capacity of the raft
and group piles does not equal the piled-raft's capacity. It can also be supported by the
observation in literature [34] that the load carried by piled-raft exceeds or is equal to the
combined load carried by the raft and the pile. This indeed results from the interactions
between the foundation components and the supporting soil. Mathematically, the load-
bearing capacity of piled-raft system can be given by Eq (3).

Qpr = Qr + Qp = ap,Qur + aprQpg 3)
Here, Qg and Qp represents the load that the raft and the piles are carrying. &, and @

are the interaction factors that characterize interactions between pile and raft and vice-
versa, respectively.
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Fig. 16 Comparison between raft, pile group and piled-raft in sand

The subscripts UR, PG, and PR stand for unpiled-raft, pile group, and piled-raft,
respectively, whereas Q represents the load capacity. The current study, however, is
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limited to the load sharing in piled-rafts over sand and clay and does not include the
evaluation of these interaction factors. The future objectives of the study could include
assessing such interaction factors.
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Fig. 17. Comparison between raft, pile group and piled-raft in clay

5.5. Load Improvement Ratio

An increase in the load-bearing capacity of the foundation due to the addition of piles can
be defined by a dimensionless parameter, known as load improvement ratio (LIR). It is
expressed as the ratio of the load carried by piled-raft (Qpz) to that by the unpiled-raft
(Qur) at constant settlement.
Lig = &~ (4)
Qur

Fig. 18 shows the variation of LIR with the settlement in the case of sandy and clayey soil.
It is observed that with an increase in the number of piles, LIR increases. Also, the LIR
value is high at the early stages and decreases with an increase in settlement value. In the
case of sand, the piled-rafts with higher pile numbers show a sudden decrease initially and
finally after a certain value, such decrease becomes gradual. This implies the mobilization
of piles after initial loading, leading to a reduction in L/R. Similar outcomes can be observed
in earlier pieces of literature [34, 55]. Moreover, in the case of clay, the LIR values converge
to roughly the same value regardless of the number of piles and do not significantly vary
in later phases.
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Fig. 18. Variation of load improvement ratio in (a) sand and (b) clay

5.6. Load Sharing Ratio (a,)

It is now widely accepted that in pile-raft foundations, the anticipated load from the
superstructure is shared among the piles and the raft. Such a complex load-sharing
mechanism is governed mostly by load sharing ratio. Load sharing ratio represents the
load-sharing behaviour in piled-rafts and is usually defined as the percentage of the total
load imposed on piled-raft (Q,,) that is carried by piles (@,). It can be defined by the
following equation:
=20 g & (5)
QpT' QpT

where Q, and Q,, denotes the load resisted by raft and piles, respectively. The variation of
load sharing ratio for the present case of sand and clay with the settlement is depicted in
Fig. 19 and Fig. 20, respectively. Individual share of load carried by piles and the raft is
presented for different configurations. The load share of a raft on sand is initially high and
rises until it reaches a fixed limit. Even when there are higher number of piles, the piles
share of load is comparatively better but still less than the rafts share. Thus, it can be
inferred that neglecting the load shared by rafts in the analysis process will not be a wise
decision.

It is evident that in the case of clay, initially the load share of piles is high and gradually the
load is transferred to the raft at higher settlements. At initial settlement, the bottom of the
raft had inadequate contact with the supporting clayey soil and hence lesser raft share is
observed. On the contrary, since the piles are in direct contact with the soil, it leads to
confinement of soil and results in a higher proportion of pile share during initial
settlement. The density of the soil beneath the raft increases as the piled-raft model settles
more. As a consequence, the raft and soil make better contact with each other, increasing
the raft's share of the load. A higher percentage of load sharing ratio can also be observed
initially in the case of the piled-raft with a greater number of piles due to the greater
resistance offered by them.
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6. Validation with Numerical Results

In response to the formidable challenges arising from the cost and time limitations
inherent in laboratory or in-situ testing, the scientific community has embraced numerical
modelling techniques as a practical alternative. Various commercial codes, such as PLAXIS,
FLAC, ABAQUS, and others, have been developed to assist the creation of numerical models
[56]. These codes play a crucial role in accurately simulating complex scenarios, with a
specific focus on piled raft foundations supported over soil.

The present study uses PLAXIS 3D to validate the experimental study. The dimensions of
both the soil continuum and the piled-raft model were matched with those of the
experimental model. The test sand was simulated using the elasto-plastic Mohr-Coulomb
model obtained from the PLAXIS library. Two models, an unpiled raft and a piled-raft with
four piles, were created to validate the experimental findings. The square raft was
represented as a plate element, while the pile was modelled as an embedded beam
element. The properties of the soil and piled-raft were consistent with those observed in
laboratory tests. A medium mesh was generated, comprising 7686 elements and 12450
nodes for the raft and 8019 elements and 13009 nodes for the piled-raft model supported
on soil. To mitigate boundary effects, the width of the soil model was set to five times the
raft size, and the depth was more than twice the pile length. Fixed boundary conditions
were applied to the bottom, while lateral movement was restricted on the sides.
Incremental loading was applied to the foundation system through the imposition of
vertical pressure.

Deformed mesh |u| (scaled up 1.00°10 3 times)

Maximum value = 33.26 mm (at Node 12147)
Fig. 21. Numerical model of piled-raft in PLAXIS 3D

In the numerical simulation, the soil-pile interface was modelled with fictitious thickness
elements, displaying elasto-plastic behaviour under Coulomb's failure criteria. A strength
reduction mechanism, determined by the factor (R;,..), was applied to the interface
elements [57]:

tang; = Ripter X tandyoy (6)

This comprehensive approach ensures that the numerical models closely mimic real-world
conditions, providing a robust foundation for validating the experimental results. Figure
21 illustrates the deformed mesh of the current numerical model utilized for validation.
The results obtained from the numerical simulation were systematically compared with
the experimental data derived from laboratory tests, as depicted in Figure 22. Notably, the
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plot demonstrates a good level of agreement between the numerical and experimental
results.
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Fig. 22. Validation of the experimental model

7. Limitations of the Experimental Study

The limitations of the present experimental study encompass several factors:

Dimensional Scaling: Scaling down model pile and raft dimensions from real-world
counterparts can introduce inaccuracies due to the behaviour of physical
phenomena at smaller scales, potentially affecting findings’ applicability to full-
scale scenarios. The study adheres to scaling laws, necessitating the use of scaled-
down models. While valuable, these models may not fully replicate real-world
behaviour at full scale, possibly leading to scale-dependent discrepancies.

In-situ Stress Representation: Replicating in-situ stress conditions accurately in the
testing tank is challenging. Differences between the laboratory setup and actual
field conditions can impact the realism and relevance of experimental data. Soil
density variations across test scenarios may introduce uncertainties, affecting
result comparability.

Material Differences: The use of steel piles in experiments may not perfectly mimic
the behaviour of commonly used reinforced concrete (RC) piles. Material property
differences can impact the accuracy of findings related to RC pile foundations.
Deviation from Natural Soil Conditions: Experiments conducted in a controlled
laboratory setting may not fully capture the complexities of real-world scenarios,
and the use of artificial soil substitutes could introduce deviations from natural soil
conditions, potentially impacting the study's ability to replicate the intricate
properties of real soils.

Exclusion of Pore Pressure Effects: Pore pressure effects, which significantly
influence soil behaviour, are omitted from the experiments. This simplification may
limit the study’s ability to account for the full range of factors influencing piled-raft
behaviour in practical applications.

Acknowledging these limitations is essential for interpreting the study’s results accurately
and for considering the applicability of its findings to real-world engineering scenarios.
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8. Future Scope
The findings underscore the need for future research in several key areas. These include:

e Effect of soil variability: The behaviour of piled rafts exhibits notable variations
contingent upon the specific type of soil, its inherent properties, and the underlying
stratigraphy. Even the present study underscores significant distinctions in the
behaviour of piled rafts above sandy and clayey soils. Consequently, there arises a
compelling necessity to investigate and comprehend the behaviour of piled rafts in
soils characterized by different properties.

e Emphasis on Total Settlement vs. Differential Settlement Models: Current studies
on piled rafts tend to concentrate on overall or total settlement, often overlooking
differential settlement, which refers to differential movements between different
parts of the foundation. By focusing more on differential settlement models,
researchers can gain insights into how non-uniform settling might affect the
performance of the foundation and surrounding structures, especially in uneven or
complex soil conditions.

e Dynamic loading: The current study focuses solely on piled raft foundations under
static loads. However, it's essential to recognize that numerous structures
experience dynamic and cyclic loading conditions. Therefore, future research
endeavours should delve into the analysis of piled-raft foundations subjected to
dynamic loads and assess their response to such forces.

e Complexity of Numerical Models vs. Simplified Analytical Models: While advanced
3D numerical models have been developed to capture the intricate behaviour of
piled rafts, there is a lack of simplified analytical models and standardized
guidelines. This absence hinders the adoption of new design approaches and
techniques. Developing simplified yet accurate analytical models and codified
guidelines can bridge the gap between complex numerical simulations and
traditional design methods, making advanced analyses more accessible and
applicable in practical engineering design.

Furthermore, there is a need for more field monitoring and testing to validate the
performance of piled raft foundation in real-world applications. With continued research
in these areas, piled raft foundation systems can become even more reliable and efficient,
providing a sustainable and economical solution for various construction projects.

9, Conclusions

The current experimental research provides the analysis of piled-raft foundation systems
employing small-scale model tests. Notably, the absence of standardized practices in this
domain prompted our investigation. There was a lack of comprehensive studies,
particularly in the local region, focusing on load-sharing behaviour in both sand and clay
soils. By conducting experiments in both sand as well as clay, our study broadens the scope
of knowledge regarding piled-raft foundations' effectiveness as a choice for load-sharing.
The inclusion of both soil types enhances the applicability of the findings to diverse
geological conditions. Load improvement and load-sharing behaviour were then studied
in those cases.

Based on the current experimental investigations, the following conclusions could be
inferred:

e The observations of the present lab experiments showed that the piled-rafts
substantially reduce the settlement and resist more as compared to the raft
foundations. The reason behind this is that the piles alone resisted the majority of
the load in piled-rafts.
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Even a few piles added to the raft enhance the load-bearing capacity of the
foundation. Also, such enhancement gets stronger with an increase in pile numbers.
In both the sand and clay cases, the observed raft capacity against 40mm reference
settlement was found to be around 3.6kN. In the case of sand, improvements of up
to 4.5kN, 8kN, 10kN, and 14KkN, respectively, can be seen for 1, 4, 5, and 9 piles. The
corresponding load capacity in clay was found to improve from 3.6kN to 5.2kN,
7.9kN, 8.8kN and 10.2kN.

Piled-rafts with longer piles typically exhibit greater bearing capacity. The present
case showed up to a 300% increase in the load-bearing capacities for the longest
length of pile. In comparison to the unpiled-raft carrying a load of 3.6kN, piled-raft
having 9 piles and 360mm pile length resisted about 13.8kN and 10.6kN for the
sand and clay case, respectively.

The load improvement ratio has been noticed to rise as the number of piles
increases. The load improvement ratio (LIR) was found to be larger in the early
phases and decreases with an increase in settlement value, suggesting the
mobilization of piles after the initial loadings.

The findings also demonstrated that the raft significantly contributed to the load
sharing in piled-raft foundations; as a result, its significance in the analysis and
design process cannot be unappreciated.

In the majority of cases, piled-rafts over clay exhibited patterns resembling those
over sand. However, it was found that the raft contributed a larger portion of the
load in the sand than in clay. Raft's share of the load in sand reached about 90%
when piles were lesser, and decreased as the pile numbers increased. In the clay
case, the influence of the piles on load sharing was higher, and the raft's share
improved with the settlement.

The experimental findings also revealed that the load-bearing capacity of the
combined piled-raft system is greater than the simple addition of the load capacities
of the raft and the piles, hence proving its complex behaviour of load-sharing. Such
complexity arises due to the interactions between soil and the foundation
components. Moreover, these interactions have a considerable impact on the
behaviour of piled-rafts.

To restrict the maximum settlement, an optimization of the piled-raft geometries
should be established to prevent an irrational and uneconomical design.

Since the current study is only capable of testing the piled-raft behaviour at 1g,
centrifuge tests could provide a more comprehensive analysis.

The soil-dependent nature of load-sharing in piled-raft foundations necessitates
further exploration within distinct soil types until region-specific guidelines are
established for these foundation systems.

Furthermore, a concise literature survey on several experimental studies on piled-
raft foundations has also been provided.
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) . Hybrid aluminum metal matrix composites (AMMCs) include qualities including
Article history: being lightweight, very effective, and highly resistant to wear, and corrosion. The
process used in this study to maximize friction and minimize wear of hybrid
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Accepted 08 Jan 2024 features. Stir-casting was used to create hybrid AMMCs of the Al-6061 alloy
reinforced with graphene (Gr) and silicon carbide (SiC). The experiment used
Taguchi's L2z design, and three process parameters—normal load, sliding

Keywords: distance, and sliding speed—were combined with GRA to produce the maximum
coefficient of friction and lowest wear rate. Al-6Gr-6SiC obtained the maximum
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Tensile strength; coefficient (0.29766) and wear (0.002588 mm3/m), respectively.

Friction;

Wear;
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1. Introduction

Aluminum alloys are extensively used as matrix materials in producing metal matrix
composites (MMCs). These composites use the advantageous qualities of aluminum alloys
while integrating reinforcing elements to attain improved mechanical, thermal, or other
distinct performance characteristics. Due to their higher mechanical qualities compared to
monolithic materials, aluminum alloys are deemed to be the most appropriate materials in
the aerospace and automotive sectors. Aluminum alloys are popular among researchers
for the creation of novel materials with improved properties because of their 