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Abstract

This research was conducted to assess the performances of mortars and concretes made
from palm oil boiler clinker aggregate (POBC) blending with rice husk ash (RHA) and calcium
bentonite (CB). These blends were used to substitute of ordinary Portland cement (OPC) in the
combined proportions of 5wt%CB+5wt%RHA, 5wt%CB+15wt%RHA, 15wt%CB+5wt%RHA,
10wt%CB+20wt%RHA, and 20wt%B+10wt%RHA. The POBC mortars were examined for
compressive strength, water absorption, sulfuric acid resistance, and microstructural
characterization at the age of 7, 28, and 56 days. Subsequently, the POBC concretes were tested
for rapid chloride ion permeability and capillary absorption at 28 and 56 days of curing ages. As
a result, the 56-day POBC mortar with the optimum blending of 5% CB and 15% RHA provided
the greatest compressive strength of 48 MPa as well as revealed denser microstructure observed
under scanning electron microscope (SEM) and greater durability against sulfuric acid attack
which surpassed those of the POBC mortar without CB and RHA. Proportionately, the
incorporation of 5-10% CB with 15-20% RHA to POBC concrete cured up to 56 days possessed
greater durability performances by reducing the chloride ion permeability from moderate to very
low ranges as well as lessening capillary absorption. The practical implications of this study are
that the POBC could be potentially used in the building sector as a substitute to the conventional
aggregates. In addition, the use of CB and RHA could be possibly replaced cement in the optimum
proportions without compromising the strength and durability to produce efficiently sustainable
POBC mortar and concrete.

Keywords: palm oil boiler clinker, rice husk ash, calcium bentonite, compressive strength,
sulfuric acid resistance, chloride ion permeability

Introduction

In 2021 to 2022, the prediction of construction aggregate demand in Asia-Pacific region
would be reached to approximately 45,000 million of tonnes (Wiwattananukul et al., 2019).
Specifically, the estimate construction aggregate demand in Thailand was 50 million of tonnes
annually, and it was predicted to be increased by 20% of each year (Material resources
management division, 2019). Conversely, the construction aggregate reserve was approximately
8,010 million of tonnes in Thailand (Innovation in Raw Materials and Primary Industries
Division, 2020). Thus, it is apparent that the construction aggregate demand has been inversely
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proportional to the nonrenewable aggregate reserve. Therefore, the alternative construction
aggregate sources should be essentially studied and further brought to use. The demolition waste
of construction and industrial waste have been widely applied in the sustainable construction
material sectors.

Utilization of local waste materials in construction applications has a great impact on
reducing the waste itself, land-fill used, environmental pollutions, and consumption of natural
construction materials (Halahla et al., 2019). These impacts also promote sustainable
construction towards waste manipulation. To reduce the consumption of the natural construction
material and increase the exploitations of waste by-products, the natural aggregate and the
cement can be efficiently replaced by the waste by-products such as copper slag (Siddique et al.,
2020), granulated blast-furnace slag (Maghool et al., 2020), brick waste (Dang & Zhao, 2019),
and fly ash (Chindaprasirt et al., 2020; Klimek et al., 2020; Shakir et al., 2020; Siddique et al.,
2020).

Palm oil boiler clinker (POBC) was considered as a rigid solid waste which obtained from
local crude palm oil plant. This waste was generated after the combustion of solid palm oil wastes
inside boiler and caused the disposal area used and environmental pollutants (Hamada et al.,
2020). In regard to the rigid properties and chemical compositions of POBC, the feasibility usages
had been studied in term of sustainable construction application as a building material
replacements (Shakir et al., 2019). According to Chai et al (2017), POBC can be potentially used
as up to 50% of coarse aggregate substitution in size of 4.75-9 mm. Besides, at 100% of POBC
coarse aggregate replacement for concrete with w/b ratio of 0.53, the 28-day compressive
strength was up to 33 MPa which was only 30% lower than the reference mix made of granite
aggregate (Abutaha et al., 2016). Moreover, natural sand can be completely substituted by POBC
fine aggregate for eco-mortar production with a minor effect on compressive strength
(Kanadasan et al.,, 2018). The percentage replacement of natural sand by POBC was
recommended between 40 to 60% to maintain the mechanical properties (Babalghaith et al.,
2020). Although, the studies of using POBC as an aggregate substitution in concrete, asphalt,
and geopolymer productions and its mechanical properties have been reported by several
researchers , the durability of those composites have not yet been clearly characterized in order
to determine the suitability usage and application of POBC. Besides, the study of using 100% of
POBC as coarse and fine aggregate with other type of waste as a binder and its durability
characteristics have not been reported elsewhere.

Additionally, rice husk ash (RHA) is one of the most useful materials in cement industry.
Several important roles of RHA as a pozzolan in cementitious material had been revealed, it could
reduce the capillary pore and promote long term compressive strength of concrete, especially,
for the low carbon RHA (Kang et al., 2019; Sandhu & Siddique, 2017). The pozzolanic activity
was promoted by the addition of RHA which resulted in the micro-filler effect that filled up the
capillary pore of cement matrix by the production of calcium silicate hydrate gels (C-S-H gels)
(Gill & Siddique, 2018). Besides, the efficiency of using RHA as a cement replacement on acid
resistance was also found that concrete incorporating RHA performed the superior resistance due
to the pozzolanic activity consumed calcium hydroxide (CH) content and strengthened the bond
between different phases in microstructure by producing more C-S-H (Koushkbaghi et al., 2019).
Conversely, the large amount of RHA replacement in concrete can be decreased the compressive
strength (Umasabor & Okovido, 2018).

Furthermore, calcium bentonite (CB) was addressed for a natural pozzolan (Memon et
al., 2012). The Pakistani bentonite or CB was partially replaced by weight of cement and found
that the compressive strength of 56-day mortar containing 12-15% CB as a cement replacement
can reach approximately 30 MPa, which was significantly 2.7% higher than that of without adding
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CB. The pore filling effect of using up to 10% CB replaced by weight of cement was achieved in
mortar cured up to 28 days. This effect established the particle packing improvement and a
decrease in water absorption due to the very-fine grain particles of CB (Ahmad et al., 2011).

This research aims to utilize the local waste by-products and evaluate the performances
of mortars and concretes containing POBC aggregate with the combination of RHA and CB as a
cement replacements. The compressive strength, water absorption, and sulfuric acid (H2504)
resistance of POBC mortars were carried out at the age of 7, 28, and 56 days. In addition, the
POBC concretes cured at 28 and 56 days were determined for rapid chloride ion permeability and
72-hour capillary absorption. Accordingly, the microstructures of POBC mortar containing CB and
RHA blends were characterized via scanning electron microscope (SEM).

Materials and methods

Ordinary Portland cement (OPC) as per ASTM C150 was used in this study. POBC was
collected from disposal area of oil palm plant at Surat Thani province, as received POBC was
displayed in Figure 1a. The POBC was washed, dried, and crushed with jaw crusher to achieve
the POBC coarse aggregate (POBCCA) and gyratory crusher to achieve the POBC fine aggregate
(POBCFA), as depicted in Figure 1b-c. The enlargement of the POBC mortar's cross-section
obtained from stereo microscope is shown in Figure 1d. The mineralogical characteristics of POBC
were characterized via X-ray diffraction (XRD) analysis, as shown in Figure 2. The mineral
compositions of POBC consisted of whitlockite, diopside, and three polymorphs of SiO2, which
were quartz, tridymite, and crystobalite. The green color of POBC can be accounted for the
mineral composition of diopside. The properties of POBC aggregates were listed in Table 1.
Conforming to ASTM C131 (2020) and BS 182-112 (1990), the POBCCA is not recommended for
using in road surfacing, structural works, or heavy duty constructions due to the lower resistance
to crushing and abrasion. In addition, CB was purchased from supplier (product of Thailand), as
seen in Figure 1b.

RHA was obtained after the open air burning of using rice husk as a biomass fuel in
Phatthalung province. Then, it was calcined with an electrical furnace at 700 °C for 1 hour (HR:
5 °C/min) in order to reduce the contaminated organic matters or unburned carbon. After
calcining process, RHA was ground with jar mill at rotation speed of 65 revolution per minute for
12 hours to meet the requirement of ASTM C618 (2019). The chemical compositions and particle
sizez of CB and RHA were analyzed via wavelength dispersive X-ray fluorescence
spectrophotometer (WDXRF) and laser particle size analyzer (LPSA), as tabulated in Table 2. The
XRD pattern of RHA is depicted in Figure 3. The RHA composed of few crystalline phase of
crystobalite and quartz, mostly contained amorphous silica, which confirmed by the broad hump
peak between 26 of 15° to 25° and other wide range of low intensity peaks, as presented in the
dashed line circle. The particle size distributions of the binders and aggregates used are shown
in Figure 4.
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Figure 1 As received POBC (a), from left to right: crushed POBC as a fine aggregate, rice husk
ash, and calcium bentonite (b), enlargement of POBC fine aggregate (c), and cross-section of
mortar made of POBC fine aggregate (d)
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Figure 2 XRD pattern and phase compositions of POBC
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Table 1 The physical properties of POBC aggregates

Properties POBCCA POBCFA
Organic impurity (ASTM C40, 2020) None
24-hour water absorption (%) 2.80 3.10
Specific gravity 2.28 2.40
Unit weight (kg/m?3) 1,182 1,350
Fineness modulus 5.30 3.70
Aggregate impact value (%) 36 -
Los Angles abrasion (%) 38 -

Table 2. The chemical and physical properties of CB and RHA

CB RHA
Chemical compositions
SiO2 (%) 56.62 93.93
Fe20s3 (%) 0.02 0.36
Al203 (%) 19.81 0.33
SO0s3 (%) 0.69 0.21
SiO2+ Fe203+ Al203 (%) 76.45 94.62
Loss on ignition (%) 10.12 0.67
Physical properties
D1o (um) 0.6 2.3
Dso (Mm) 2.3 12.5
Dso (Hm) 14.2 38.6
D[4,3] (um) 5.5 16.5
12000 C
10000 - C: Crystobalite, SiO,
’g Q: Quartz, SiO,
© 8000+
>
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[
2
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Figure 3 XRD pattern and phase compositions of RHA
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Figure 4 Particle size distribution of POBC aggregates and binders

Mix designation

Mix designations of POBC mortar and concrete were done complying with ASTM C109
(2016), ASTM C192 (2019), and ACI 211.1 (1991). For both of POBC mortar and concrete, the
blending of RHA and CB partially replaced by weight of OPC, as followed in Table 3. For example,
the mix designation B5R5 was the combination between 5% CB and 5% RHA replaced by weight
of OPC. The POBC mortar specimen was taken for determine the compressive strength, water
absorption, and resistance to sulfuric acid (H2S04) attack. The POBC concrete specimen was
taken for determine the rapid chloride permeability and capillary absorption. For the POBC mortar
mix designations, 50-mm cube specimens were casted with the binder to aggregate ratio of
1:2.75 and water to binder ratio of 0.48. The percentage flow of fresh mortar was determined as
per ASTM C1437 (2015). Then, the hardened mortar specimens were cured in saturated lime
water at ambient temperature (25+5°C) with 80-85% relative humidity for 7, 28, and 56 days.
For the POBC concrete mix designations, 100 mm diameter with 50 mm length concrete discs
were prepared by using natural sand (F.M 3.15), POBCCA with maximum size of 10 mm (F.M.
5.31), and taken water to binder ratio of 0.48. The concrete specimens were cured in the same
condition of POBC mortar for 28 and 56 days.

Table 3 The mix designations of POBC mortar for various combination ratios of RHA and CB

Mix proportions

()]
5 POBC mortar POBC concrete
X & Binder < —~ Binder ~ <~
— [y] [y] (]
25 (kg/m?) GE 33 (kg/m?) TE 9E
B ay 28 85 05
4 OPC CB RHA 2% "“~ opc B RHA ¥ QX
Control 500 0 0 1375 121 500 O 0 1,175 765
BSRS 450 25 25 1,375 119 450 25 25 1,175 765
BSR15 400 25 75 1,375 108 400 25 75 1,175 765

Bi5R5 400 75 25 1,375 112 400 75 25 1,175 765
BIOR20 350 50 100 1,375 101 350 50 100 1,175 765
B20R10 | 350 100 50 1,375 103 | 350 100 50 1,175 765
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Test procedures

The compressive strength and water absorption of POBC mortar were prepared and
tested in accordance with ASTM C109 (2019) and ASTM C373 (2014). The strength activity index
was determined according to ASTM C618 (2019). Resistance to 0.005 M sulfuric acid attack
(pH=2.5) was measured by the comparison between the weight and compressive strength of
POBC mortars before exposure and after exposure to sulfuric acid solution at particular curing
ages. The sulfuric acid was renewed every week in order to maintain the pH value of the solution.
The sulfuric acid resistance test was conducted for 6 weeks. The rapid chloride permeability test
and capillary absorption test of POBC concretes were performed conforming to ASTM C1202
(2019) and ASTM C1585 (2020). The tests set up of the rapid chloride ion permeability and the
capillary absorption are presented in Figure 5. For the microstructural characterization, the POBC
mortars cured at 56 days were investigated using scanning electron microscope (SEM) at the
accelerate voltage of 20 kv.

(b

Sealing material — 100 mm i {~Fan

Specimen 50:mm

Specimen support — ¢

Figure 5 Schematics of rapid chloride permeability (@) and capillary absorption test (b)
configurations

Results and discussion
1. Compressive strength

The compressive strength of mortar specimens cured in saturated lime water for a period
of 7, 28, and 56 days are shown in Figure 6. Overall, the compressive strength of all mix
designations was increased with curing ages. It can be observed that the compressive strength
of mix designations B10R20 and B5R15 were equivalent to or higher than that of the control mix
at the age of 28 and 56 days. Particularly, the highest 56-day compressive strength of 48 MPa
was found in the mix B5R15, which was greater than that of the control mix by 7%. However, a
reduction in 56-day compressive strength was found in the mix B5R5, B15R5, and B20R10. Which
was lesser than that of the control mix by 11%, 16%, and 15%, respectively. According to these
results, it can be seen that the mix designations containing more RHA/CB ratios (B5R15 and
B10R20) and taken up to 28-day curing ages could be maintained and provided the development
of the compressive strength in comparison to the control mix, B5R5, B15R5, and B20R10. These
compressive strength results comply with those of (Joshaghani & Moeini, 2018). Who reported
that the compressive strength of 90-day mortar containing 15% RHA was 6% greater than that
of the mixture without RHA. Additionally, the compressive strength of 28-day mortar specimen
containing 6% bentonite was higher than that of the control specimen by 3% (Memon et al.,
2012). However, the effects of hybrid mixes between RHA and CB have not been studied and
reported elsewhere. Therefore, according to the compressive strength results of this study, the
mix designation B5R15 and B10R20 can be recommended as the optimum CB/RHA ratios for
using as an OPC replacement without detrimental to the compressive strength.
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Figure 6 Compressive strengths of POBC mortars with different mix designations at the age of
7, 28, 56 days

2. Strength activity index

The strength activity index (SAI) of all mix designations is demonstrated in Figure 7. The
determination of SAI is to indicate that the SCMs or any tested materials have the pozzolanic
properties. According to ASTM C618 (2019), the requirement of SAI is considered as more than
75%. For the mixture containing the hybrid mixes of RHA and CB, the SAI values of those mix
designations were in the range of 76-111%. In addition, the SAI of those mixes were meet the
standard requirement and significantly increased with ages. In addition, the highest SAI was
found in the mix B5R15 at the age of 28 days. This finding is in line with Man et al. (2019) and
Rehman et al. (2020). The development of SAI and compressive strength could be due to the
chemical compositions of RHA and CB. Which mainly consisted of silica (SiO2). Moreover, the
amount of SiO2+ Fe203+ Al03 contents were more than 70%. Thus, the active silica could be
reacted with Ca(OH)2 and promote and pozzolanic reaction’s products caused the improvement
in compressive strength (Man et al., 2019; Rehman et al., 2020).
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Figure 7 Strength activity index of POBC mortars with different mix designations at the age of
7, 28, 56 days
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3. Water absorption

The water absorption of different mix designations at the ages of 7, 28, and 56 days is
shown in Figure 8. The water absorption of all mix designations was decreased with prolonged
curing ages. Meanwhile, at the early age of curing, the water absorption of the hybrid mix
designations was similar to the control mix. At the age of 28 and 56 days, the percentage of
water absorption was decreased by 15 to 26% for the mix B5R5, B5R15, and B10R20, when
compared to that of the control mix. The lowest percentage of water absorption was found in the
mix B5R15 at the age of 28 and 56 days, which was 26% lesser than the control mix. Jamil et al.
(2016) pointed out that the filler effect and secondary C-S-H products from pozzolanic reaction
of RHA filled up the pore space in the cement matrix and caused the reduction in the water
absorption. Furthermore, the reduction in the water absorption was also found in the specimen
containing up to 10% bentonite. This is due to the micro-filling effect of very fine-grain bentonite
that can improve the particle packing of binder and reduce the water to binder ratio (Ahmad et
al., 2011; Mesboua et al., 2018). However, an adverse effect of more bentonite contents could
be attributed to the unreacted bentonite particles within the cement matrix absorbed more water,
thus the water absorption of specimen containing more bentonite increased (Ahmad et al., 2011).

Although, the control mix revealed the highest 56-day water absorption while provided
the greater compressive strength than the mix designation B5R5, B15R5, and B20R10. This could
be due to the complex mechanism between RHA and CB, which contributed greatly to both of
the pozzolanic reaction and filler effect. For the mechanism of RHA, the very-fine grain particle
substantially improved pore size, reduced water absorption, and was ineffective to the strength
development due to the pozzolanic reaction takes place in prolonged curing period. Moreover,
this mechanism was confirmed by Bheel et al. (2020) that an increase in dosage of RHA
replacement decreased the water absorption, whereas only the optimized 5% of RHA increased
the compressive strength at the age of 28 days. Correspondingly, the significance mechanism of
CB is pore refinement and improving the impermeability of cement matrix (Masood et al., 2020;
Rehman et al., 2019). Liu et al. (2020) also concluded that the incorporating 10% CB developed
the durability by filling effect and only the C-S-H gel formed on the surface of the specimen,
whereas the strength development index need to be included (i) the forming of ettringite and (ii)
the overlapping of hydration product on the specimen’s surface.
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14 A = =
<5 ] = = = = =
5 = = = = =/
210 - =/W-T-
2 8 = = = =¢ =%
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Figure 8 Water absorption of POBC mortars with different mix designations at the age of 7,
28, 56 days
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4, Resistance to sulfuric acid attack

Weight loss

The weight loss of mortars at different curing ages exposed to 0.005 M sulfuric acid
solution for 42 days is shown in Figure 9. It can be observed that the weight loss of all mix
designations was decreased with curing age before exposure to sulfuric acid solution. At the later
age, 56 days of curing, the ranges of weight loss for all hybrid mix designations were lesser than
the control mix. Which were in the range of 1 to 44%. Especially, for the mix containing more
combination ratio of RHA/CB (B10R20 and B5R15), the weight loss was up to 41 and 44% lower
than that of the control mix. This is mainly attributed to (i) the less water absorption and (ii) the
pozzolanic activity from the silica compositions of RHA (94% SiO2) was greater than CB (57%
SiO2) which contributed to an increase in C-S-H forming and resulted in more impermeable
matrix. Thus, the more durability was obtained in the mix containing more RHA contents (Ahmad
et al., 2011). Correspondingly, the mix designation B5R15 showed a lesser surface erosion than
that of the control mix, as shown in Figure 10. Min & Song (2018) also reported that the crucial
corrosion can be indicated in the yellow color area that appeared on the exposed surface of the
cement composite to sulfuric acid solution.

Compressive strength loss

The compressive strength loss of mortars exposed to 0.005 M sulfuric acid solution is
shown in Figure 11. After 42 days of exposure, the compressive strength loss is seen in all mix
designations. In accordance with the weight loss results, a similar trend was observed in the
compressive strength loss. An increase in curing ages before sulfuric acid attack and the more
RHA/CB ratios decreased the loss in compressive strength. The lowest compressive strength loss
was found in the mix B5R15 at the age of 56 days. Which was 18 % lower than that of the control
mix. This finding suggests that up to 20% of OPC can be replaced by the combination blend of
CB and RHA at the optimum CB/RHA ratio as in the mix designation B5R15, which produced the
development both in the compressive strength and durability.

| Control BB5R5 BB5R15 OB15R5 MB10R20 @ BZOR10|

7 28 56
Curing age (days)
Figure 9 Weight loss of POBC mortars with different mix designations cured at 7, 28, and 56
days exposed to 0.005 M sulfuric acid solution for 42 days
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Figure 10 Enlargement of the surface of 56-day mortars: control mix (a) and mix designation
B5R15 (b) after exposed to 0.005 M sulfuric acid solution for 42 days
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Figure 11 Compressive strength loss of POBC mortars with different mix designations cured at
7, 28, and 56 days exposed to 0.005 M sulfuric acid solution for 42 days

5. Rapid chloride permeability and capillary absorption

The total charge passed and capillary absorption of different mix designations and curing
ages are given in Figure 12. According to ASTM C1202 (2019), the qualitative indication of
chloride ion permeability of any concrete specimen was determined as followed: the total charges
passed of concrete specimens that fall in the range of (i) >4,000 coulombs, (ii) 2,000-4,000
coulombs, (iii) 1,000-2,000 coulombs, and (iv) 100-1,000 coulombs were considered as high
permeability, moderate permeability, low permeability, and very low permeability, respectively.
A decrease in chloride ion permeability was observed in all hybrid mixes with prolonged curing
ages. As compared to the control mix, the decrease was in the range of 4-77% and 30-78% at
the age of 28 and 56 days, respectively. At the age of 56 days, the chloride ion permeability of
the mix designations B5R15 and B10R20 was in very low ranges. For the mix designations B5R5,
B15R5, and B20R10 cured at 56 days, the chloride ion permeability was in the low range, whereas
the chloride ion permeability of the control mix was in the moderate range. Consequently, the
capillary absorption results corresponded to the chloride ion permeability. An increase in curing
ages decrease capillary absorption. The significant reduction in the 72-hour capillary absorption
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was found in the mix designations B5R15 and B10R20 at the age of 56 days, which were lower
than the control mix by 44% and 56%, respectively. It can be seen that the chloride permeability
and the capillary absorption decreased with an increase in curing ages and RHA/CB ratios, as
was found in mixture designations B5R15 and B10R20. Ganesan et al. (2008) also found that the
chloride permeability and rate of capillary absorption had a good relationship due to the reduction
of permeable voids in matrix by the pozzolanic activity of RHA as an additive and the prolonged
curing ages. This finding also in agreement with those of Huang et al. (2017), Laidani et al.
(2020), and Zareei et al. (2017) that the capillary absorption and chloride ion penetration of
concrete specimen containing RHA were reduced by an increase in the RHA content, while only
adding up to 10% bentonite could reduce the capillary absorption. Moreover, an increase in RHA
content up to 20% reduced the 72-hour capillary absorption by 15%, compared to the specimen
without RHA (Zahedi et al., 2015).

Total charge passed , 28-day Emm Total charge passed , 56-day
---A--- 72-h capillary absorption , 28-day - - ® - = 72-h capillary absorption , 56-day
~ 3500 1.2
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Control B5R5 B5R15 B15R5 B10R20 B20R10
Mix designation
Figure 12 The chloride ion permeability and 72-hour capillary absorption of POBC concrete with
different mix designations at the age of 28 and 56 days

6. Microstructural characterization

The SEM images are demonstrated the comparison between OPC particles and
combination blends of OPC, RHA, and CB particles of the mix designation B5R15 as shown in
Figure 13a-b. It can be seen that the different in particle sizes among OPC, RHA, and CB played
the important role in increasing the particle packing of the binder. An increase in particle packing
was observed in the binder of the mix designation B5R15 in comparison to the pure OPC particles.
Accordingly, the very fine micro-particles of CB and rounded agglomerate RHA particles also
contributed to the reduction in water content of the binder due to RHA and CB absorbed more
water (Ahmad et al., 2011; Mesboua et al., 2018). The SEM images of the hardened pastes of
the control mix and mix designation B5R15 are illustrated in Figure 13c-d. It can be clearly seen
that the hydration’s products were found in both mix designations. Particularly, the mix
designation B5R15 manifested denser matrix and lower micro-pore spaces when compared
to the control mix. The dense flocs-like C-S-H was obviously found in the groundmass of the mix
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designation B5R15 and the micro-pore spaces were reduced by the spreading of the dense C-S-
H framework. For the matrix of the control mix, the loosely fibrous-like and flocs-like C-S-H were
found. The more C-S-H embedded in the mix containing RHA and CB could be due to the
pozzolanic activity that consumed free Ca(OH)2 from both of hydration and pozzolanic reaction’s
products, then produced more C-S-H (Chopra et al., 2015; Masood et al., 2020). Besides, the
denser microstructure could be attributed to the development in compressive strength, the
reduction in water absorption, and the durability improvement of the mix designation B5R15 in
comparison to the control mix. The morphology of C-S-H observed from SEM images of this study
was characterized and compared to the flocs-like C-S-H found by Yu et al. (1999), Cizer et al.
(2007), and the fibrous-like C-S-H found by El-gama et al. (2018). However, the characteristics
of C-S-H can be shown in various forms depended on the curing condition, additive used, water
to binder ratios, and designation of mixture (Cizer et al., 2007; Shen et al., 2019).

Figure 13 SEM images of OPC particles (a), blends consisted of OPC, CB, and RHA particles of
mix designation B5R15 (b), the hardened paste cured at 56 days of the control mix (c), and the
mix designation B5R15 (d)

Conclusion

Based on this study results, the conclusions can be provided as following:

(1) The POBC mortar with the optimum combination of 5% of CB and 15% of RHA
replaced by weight of OPC (mix designation B5R15) developed the superior performance at the
curing age up to 56 days when compared to the control and the others mix designations.
Moreover, the mix designation B5R15 provided the highest compressive strength, the lowest
water absorption, and the lowest weight and compressive strength loss due to sulfuric acid attack.

(2) The chloride ion permeability and capillary absorption decreased with an increase in
RHA combination ratios and curing ages. The very low range of chloride ion permeability belonged
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to the mix designation B5R15 and B10R20 cured at 56 days. However, the chloride ion
permeability of the others mix designations were fallen into the low range except for the control
mix that was continually fallen in the moderate range when the curing ages increased. The
optimum combination of 5-10% of CB and 15-20% of RHA replaced by weight of OPC would be
recommended for the chloride ion permeability resistance of the POBC concrete.

(3) According to the microstructure characterization using SEM images, the denser matrix
occupied by C-S-H framework and lower pore spaces of the mix designation B5R15 in comparison
to the control mix contributed to the compressive strength and durability improvement.

(4) Regarding to this investigation, the POBC can be used as an aggregate substitution
for producing conventional mortars and concretes in non-structural construction work. The
optimum combinations of CB and RHA for POBC mortars and concretes could help diminishing
the cement used and promoting the durability performance.
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