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Abstract

This study focused on the effects of replacing sand with laterite on the compressive strength of concrete produced
by hybridizing ordinary portland cement (OPC) and activated metakaolin (AMK) as binder. The AMk binder was
produced by activating metakaolin with a combination of sodium hydroxide and sodium silicate alkaline solution,
which was then used to substitute OPC at 10%, 20% and 30% levels. Laterite was also used to replace sand at
10%, 20% and 30%. Control specimens with 0% laterite and 100% OPC were also cast which served as control.
A mix ratio of 1:2:4 binder to fine aggregate to coarse aggregate by weight was used. The resulting concrete
specimens were cured for 7, 28, 56 and 91 days in water and the compressive strength determined at the maturity
ages. A maximum compressive strength of 23.6 N/mm? obtained was for the control specimen at 91 days.
Laterized concrete (without AMKk) at 30% replacement level of sand attained a maximum compressive strength
of 22.5 N/mm?, which is 95.3% of the control at the same curing age of 91 days. The maximum strength obtained
for OPC-AMk hybrid concrete was 19.8 N/mm? at 10% AMk and 30% laterite replacement of OPC and sand
respectively, representing 84% of the compressive strength of the reference concrete. From the outcome, the
optimal laterite content was 30% with 10% AMk. It was also revealed that partial replacement of sand with laterite
gives better compressive strength results for hybrid OPC - AMk concrete than with just OPC concrete.
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1. Introduction

Alkali activated material (AAM)/ geopolymer are eco-friendly binders that are produced when a precursor
rich in silica such as matakaolin is activated by a strong alkaline solution such as combination of NaOH and
NaSiOs. In the production of AAM/geopolymer concrete, there is a saving of at least 40% in energy and about
70% reduction in carbon emission when compared to that of ordinary portland cement (OPC) concrete [1]. An
AAM/ OPC hybrid is an aggregation of alkali-activated material and OPC, in a bid to create material that combines
the advantageous attributes of OPC with the properties of alkali-activated materials [2]. Hybridizing OPC and
AAM helped in producing concrete not requiring thermal curing and yet without loss in compressive strength [3].
In evaluating the properties of hybrid OPC-geopolymer concrete, cured under ambient condition, Askarian et al.
[4] found that when OPC and geopolymers are combined, the resulting binders have improved compressive
strength and increased early age strength resulting from rapid reaction of the OPC with alkali activators. Kumar
et al. [5] confirmed from experimental study that hybridizing 60% OPC and 40% geo-cement is capable of
producing a concrete with strength up to 40 MPa. Combining OPC with 10% and 20% diatomaceous earth powder
(DEP), a highly siliceous material to form a composite binder is capable of producing paste with nearly the same
compressive strength as OPC [6].

There have been various attempts to partially or fully replace sharp sand as fine aggregate in concrete
especially in environs where sand is not readily available or other type of soil/industrial materials are abundantly
available. Sewage sludge ash (SSA), silica fume ash (SFA), biomass wastes (BW), fly ash (FA), incinerated
bottom ash (IBA), recycled waste glass (RWG), mussel shell sand (MSS), Coal Bottom Ash (CBA) and red soil



are some of the materials that have been used to replace sand as fine aggregate in concrete [7-11]. Joy and Matthew
[12] replaced sharp sand with foundry sand in geopolymer concrete and obtained 15% as the optimal replacement
level. However, there are various limitations to the use of many of the industrial materials mentioned above. For
instance, though RWG is an attractive option as fine aggregate due to its pozzolanic properties, it has a low
recovery rate (less than 10%) due to lack of recycling facility [13,14]. Also, many of the materials mentioned
above have not gone beyond laboratory experimentation scale with little real-life use [8]. Laterite, being a natural
occurring material like sand, is quite promising as replacement of sand in concrete.

The potential and popularity of laterite as aggregate is due to its abundance, inherent properties and cost
effectiveness when compared to sand, and its popular usage as a traditional building material, especially in the
tropical climes, makes it a favourite choice. According to Udoeyo et al. [15], laterite can be used to replace sand
as fine aggregate in concrete up to 40 percent level. They observed that with increasing laterite content,
workability increases, though compressive, split tensile and flexural strength values decrease. Saichand and
Harshitha [16] concluded that laterite could replace fine sand in concrete, suggesting 10 percent as the optimum
level. Workability of fresh concrete increases when Portland cement was partially replaced by metakaolin and
fine aggregate by laterite, thereby reducing the superplasticizer requirement [17]. The compressive and split
tensile strength of concrete incorporating laterite as partial replacement for sand is comparable to the one having
no laterite [18,19]. They found that the compressive strength of concrete specimens increases up to 20%
replacement level. When laterite replaces 25% of sand as fine aggregate in ground granulated blast-furnace slag
(GGBS)-blended-concrete, the compressive strength is about 87 to 90% of the control mix [20]. Ewa et al. [21]
observed that incorporating 10% laterite in sandcrete block production is able to cause a reduction in thermal
conductivity and improved insulation in buildings. Siddharth et al. [22], on experimental studies of geopolymer
mortar, concluded that the optimum laterite replacement of sand as fine aggregate should be between 25% to 50%.
This research explored the impact of laterite on the compressive strength of OPC- activated metakaolin (AMk)
concrete, the relevance of which is premised on the dearth of information on influence of laterite on the
compressive strength of concrete when OPC is hybridized with alkali activated metalaolin as the main binders.

2. Materials and methods
2.1 Materials
2.1.1 Cement

The main compounds of ordinary Portland cement are tri-calcium silicate (C3S), di-calcium silicate (CS), tri-
calcium aluminate (C3A) and tetra-calcium aluminoferrite (C4AF). Ordinary Portland cement manufactured by
Dangote Cement Company Conforming to EN 197-1:2000 [23] was used for this research. The grade of the
cement was 32.5R. This was the main binder for all the specimens.

2.1.2 Metakaolin (Mk)

The precursor used for the research was obtained from calcination of kaolin sourced from Ekiti State, Nigeria.
The metakaolin (Figure 1A) was prepared using the electric furnace in the Department of Mechanical Engineering
and also the Industrial Chemistry Department, The Federal University of Technology, Akure (FUTA). The
calcination was done at temperature of 650°C and heat soaking duration of 90 min. Table 1 shows the composition
of the main oxides as well as some trace elements in the Mk. The sum of SiO,, Fe;03, AlbO;3 is 87.2% which
confirms its suitability as a natural pozzolan as per ASTM C618-12a [24]. The specific gravity for the meta-kaolin
was 2.60 with a median particle size of 0.212 mm.

@

Figure 1 (A) Metakaolin (B) Laterite.



Table 1 Oxides Composition of Metakaolin.

Oxide Mk Oxide (%)
MgO 8.9283
AlLOs 5.4938
SiO, 73.403
Fe,03 8.3111
SnO» 0.9004
SbyO;3 0.8910

2.1.3 Alkaline activator

The combination of sodium silicate (Na,SiO3) and sodium hydroxide solution (NaOH) of 16M was used as
alkaline activator for this research. The sodium hydroxide and sodium silicate were procured in liquid form from
African Fertilizer and Chemicals, Agbara, Ogun State, Nigeria. Tables 2 and 3 show the technical specifications

of the two alkaline activators.

Table 2 Properties of Liquid Sodium Silicate Alkaline.

Parameters Result
Specific Gravity 1.56
% Soda Content (%Na>0) 15.34
% Silica Content (%Si0,) 30.70
Wt. Ratio (Na;0:Si05) 1:2
% Total Solids 46.04
PH 11.9
Viscosity 1100CP

*Source: African Fertilizer and Chemicals.

Table 3 Properties of Caustic Liquid Soda (NaOH)(16M).
Specification Result
Specific Gravity 1.50
Appearance Colourless
Sodium Hydroxide (%) 48.24
Sodium Oxide 37.38

*Source: African Fertilizer and Chemicals.

2.1.4 Aggregates

The coarse aggregate was crushed granite with size of 4.75-19 mm from a quarry in Akure, Ondo State. The
specific gravity was determined, and the sieve analysis was performed in compliance with BS 12620:2002 [25].
The main fine aggregate used was natural fine sand graded to a minimum particle size of 0.150 mm and passing
4.75 mm sieve (conforming to BS 12620:2002 [25]). The second fine aggregate was laterite (Figure 1B) which
was sieved using 5.0 mm sieve. The fineness modulus of the laterite is 3.98, enabling its classification as coarse
fine according to ASTM C136/C136M-19 [26]. Based on AASHTO system of soil classification, the laterite used
can be classified as A-2-6 which is silty or clayey gravel and sand. The laterite was obtained from FUTA, and
natural fine sand was also obtained from Akure in Ondo State. The grading curves for the laterite and sand are
shown in Figures 2. The specific gravity of the various aggregates is presented in Table 4 while the oxide

composition of the laterite is on Table 5.
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Figure 2 Particle size distribution curve for (A) Laterite, and (B) Sand.
Table 4 Specific gravity of the aggregates.
Material Specific gravity
Sand 2.61
Granite 2.73
Laterite 2.59
Table 5 Oxides Composition of laterite [27].
Oxides Percentage chemical composition
SiO; 42.64
AlO; 28.59
Fe O3 15.03
MgO 0.09
TiO; 1.62
LOI 11.68
2.1.5Water

The minimum requirement advised for water used in the production of concrete is that it is potable, clean and
free from impurities harmful to concrete. Potable water from the FUTA which conformed to BS EN 1008:2002
[28] was used for the research work.

2.2 Methods
2.2.1 Mix design

The mix ratio of 1:2:4 (binder: fine aggregate: coarse aggregate) in conformity with BS5328-2:1997 [29] was
used for the control and the laterized OPC-AMKk hybrid concrete specimens. As shown in Table 6, the control mix

was without laterite and AMk, while the other mixtures contained AMk and laterite in various proportions. The
batching and mixing of materials were by weight in kilogram (kg). Ordinary Portland Cement was replaced with



AMk at 10%, 20% and 30% while laterite was used to replace sharp river sand at 10%, 20% and 30%. A total of
192 concrete cubes were cast.

Table 6 Mix proportions of OPC- AMk concrete (kg/m?).

Group®  Designation” OPC Metakaolin Coarse Sand  Laterite  Activator  Total
Aggregate Water
C Control  326.0 0 1304 652.0 0 0 238
Cl 326.0 0 1304 586.8 65.2 0 238
C2 326.0 0 1304 521.6 130.4 0 238
C3 326.0 0 1304 456.4 195.6 0 238
Ml Mla 2934 32.6 1304 652.0 0 14.67 2394
Mlb 2934 32.6 1304 586.8 65.2 14.67 2394
Mlc 2934 32.6 1304 521.6 130.4 14.67 2394
Mld 2934 32.6 1304 456.4 195.6 14.67 2394
M2 M2a  260.8 65.2 1304 652.0 0 29.34  248.7
M2b  260.8 65.2 1304 586.8 65.2 29.34 2487
M2c  260.8 65.2 1304 521.6 130.4 29.34  248.7
M2d  260.8 65.2 1304 456.4 195.6 29.34 2487
M3 M3a 2282 97.8 1304 652.0 0 44.01 251.1
M3b 2282 97.8 1304 586.8 65.2 44.01 251.1
M3c 2282 97.8 1304 521.6 130.4 44.01 251.1
M3d 2282 97.8 1304 456.4 195.6 44.01 251.1

*C = concrete with 100% OPC, M1 = concrete with 10% AMk, M2 = concrete with 20% AMk, M3 = concrete with 30%, AMK, a = 0% laterite,
b = 10% laterite, c = 20% laterite, d = 30% laterite.

2.2.2 Alkaline liquid preparation

Sodium Hydroxide (NaOH) solution of 16M was factory prepared. The percentage chemical composition of
NaOH and Sodium Silicate (SS) are shown in Tables 2 and 3, respectively. Sodium silicate solution was added to
the Sodium Hydroxide solution and stirred for about 5 min until thoroughly mixed. The resulting alkaline solution
was allowed to cool to room temperature; SS/SH mixing ratio of 2.5:1 (Na,SiO3): (NaOH) was used based on
literature findings [30-32].

2.2.3 Mixing procedure

The aggregates were mixed with the binder (OPC and metakaolin) in ratio 1:2:4 (binder: fine aggregate: coarse
aggregate). The alkaline liquid to meta-kaolin was proportioned at ratio of 0.45. With the appropriate water to
binder ratio determined, water was added to the alkaline activator solution. Then, the alkaline activator solution
was added to the dry mix (aggregate plus binder) and mixed thoroughly to the required consistency to form the
fresh OPC/Activated metakaolin hybrid concrete. Lastly, the fresh concrete was poured into prepared moulds, and
the process was repeated for the various variations of the mixtures.

2.2.4 Casting and curing

Cube specimens of size 150 x 150 x 150 mm were cast for the determination of compressive strength. The
concrete was mixed, placed and compacted in three layers. Compaction was done using tampering rod and the
specimens finished with trowel. The samples were demoulded after 24 h and kept in a curing tank for 7,28, 56
and 91 days.

2.2.5 Compressive strength test

Compressive strength test was done conforming to BS EN 196- 1:2005 on 150x150x150 mm concrete cube
specimens. The strength was taken as the average value from 3 specimens as per the relevant standards. The test
machine, shown in Figure 3 used a hydraulic ram to apply a continuous pressure on the cube specimen by lowering
the top plate until failure occurred. The compressive strength is obtained according to Equation 1.

Maximum Load (N)

Cross—section Area (mm?2)

Compressive Strength (MPa) = (D



3. Results and discussion

3.1 Effect of laterite on the compressive strength of concrete without activated mk (C Group)

Expectedly, with or without laterite, all the concrete specimens gained strength as curing days increased from
7 through 91 days. It is evident that laterite inclusion does not inhibit strength gain in laterized concrete. Similar
to what is obtainable in the control, the concrete specimens gained strength more rapidly in the earlier days before
slowing down at the 56" and 91* days as shown in Figures 4 and 5. By increasing the laterite content from 0%
through 30%, it was observed from Figure 6 that there was a slight drop in the compressive strength at 10% and
20% laterite contents before picking up again at 30% for the various curing days. The compressive strength of the
specimen with 0% laterite has the highest compressive strength of 23.6 N/mm? at 91 days while the specimen
with 30% laterite followed closely at 22.5 N/mm? at same maturity age of 91 days, indicating a mere 4.7%
reduction in strength. The highest reduction in strength observed in the group was at 20% laterite substitution
which resulted in 8.9% compressive strength loss when compared to 0% laterite. It can therefore be concluded
that laterite can conveniently be used to replace sharp sand up to 30% as fine aggregate in concrete without fear
of any consequential loss in strength.
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Figure 4 Compressive strength variation with progressing curing days of the C group.
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Figure 6 Effect of laterite variation on the compressive strength of C group (100% OPC, 0% Mk).

3.2 Effect of laterite on OPC- activated metakaolin hybrid concrete

The effect of laterite on the compressive strength of OPC-AMk hybrid concrete was found to be considerable.
From Figures 7 to 9, with increasing laterite content, the compressive strength of OPC-AMk hybrid concrete
increased for all the concrete samples examined. For M1 the compressive strength increased from 15.5N/mm? to
19.8 N/mm? when laterite content increased from 0% to 30% at 91 days; that is an average strength increase of
1.43 N/mm? for every 10% increase in laterite. The compressive strength of M2 and M3 increased from
11.7N/mm?to 16.6 N/mm? and from 10.5 N/mm?to 14 N/mm? respectively when laterite content increased from
0% to 30% at 91 days of curing translating to an average strength increase of 1.63N/mm? and 1.17 N/mm? for
every 10% increase in laterite content. This development can be linked to the hydraulic characteristics of lateritic
soils and the high fineness modulus of the laterite used. The laterite complemented the OPC and AMk though it
was meant to replace sand as fine aggregate in the concrete, the amorphous silica in the laterite reacts with Calcium
hydroxide in the OPC to yield extra C-S-H formation thereby improving the concrete strength [33]. It was
observed that despite variation in the activated Mk content, all the concrete samples had similar pattern of
compressive strength development.
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Figure 7 Effect of Laterite variation on the compressive strength of M1 group (90%OPC, 10% AMKk).
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Figure 9 Effect of Laterite variation on the 91% day compressive strength of hybrid OPC-AMk concrete.

An important observation was the initial wide gap in the compressive strength of the specimens without
AMk (100% OPC), and those that have AMk at varying percentages when laterite was not used. At 0% laterite,
the maximum compressive strength from the C group was 23.6 N/mm? while the best of M1, was 15.5 N/mm? all
at 91 days of curing; that is a difference of 8.1N/mm? as shown in Figure 9. The compressive strength reduction
is an indication that water curing is not so beneficial for strength gain in AMk [34]. When laterite was included
as fine aggregate, the difference reduced to 6.8N/mm?, 5.6N/mm? and 2.7N/mm? as laterite increased from 0%
through 10, 20 and 30%. Similar pattern was also observed for M2 and M3. Thus, it could be concluded that
laterite as fine aggregate is much more beneficial to OPC- Activated Mk hybrid concrete than just OPC concrete
because laterite, being a natural pozzolan, likely benefited from alkali activation to improve the strength of the
resulting hybrid concrete. From Figure 10 at 28" day, there was only 11.1% increase in C group compressive
strength as laterite increased from 0% to 30%, while M1 group increased by 34.4%, M2 group increased by 6%
and M3 group increased by 18.1% when laterite increased from 0% to 30%. Comparing this to compressive
strength at 91% day (Figure 11), there was a reduction of 4.7% in C group compressive strength as laterite increased
from 0% to 30%, but compressive strength in M1 group increased by 27.7%, M2 group increased by 42% and M3
group increased by 33.3% when laterite increased from 0% to 30%. Again, it could be deduced that laterized
OPC-activated Mk hybrid concrete gained compressive strength better at latter age than laterized OPC concrete.
Again, this may be traced to a possible interaction between laterite, which contains some amount of clay mineral
and metakaolin which is of clay origin.
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Figure 10 Effect of Laterite variation on the 28" day compressive strength of hybrid OPC-AMk concrete.
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4. Conclusion

Laterite use as partial replacement for fine aggregate does not inhibit strength gain in laterized concrete.
Similar to the strength development pattern in a concrete that does not have laterite, laterized concrete exhibits
rapid strength gain in the earlier curing days than the latter days. Therefore, laterite can conveniently be used to
replace sharp sand up to 30% as fine aggregate in concrete, without fear of any consequential loss in compressive
strength. Specimen with 0% laterite was able to attain compressive strength of 23.6 N/mm? while the specimen

with 30% laterite attained 22.5 N/mm? at 91 days of curing, a difference of 4.7% reduction in strength. With
increasing laterite content, the compressive strength of activated OPC-activated Mk hybrid concrete increased for
all the concrete samples examined. For M1, M2 and M3 an average strength increases of 1.43 N/mm?, 1.63N/mm?
and 1.17 N/mm? respectively for every 10% increase in laterite was achieved. Replacing sharp sand with laterite
as fine aggregate is much more beneficial to OPC- Activated Mk hybrid concrete than just OPC concrete due to
extra strength obtained from alkali activation of the laterite being a natural pozzolan. Laterized OPC-AMk hybrid
concrete gain in compressive strength was greater at a latter age than just laterized OPC concrete, confirming that
pozzolan is capable of enhancing concrete strength on the long term [35]. The optimum replacement of OPC by
Activated Metakaolin in OPC-AMk hybrid concrete is 10% with 30% laterite replacement of sand which gave
compressive strength of 19.8 N/mm?.

5. References

[1]  McLellan BC, Williams RP, Lay J, Riessen A, Corder GD. Costs and carbon emissions for geopolymer
pastes in comparison to ordinary Portland cement. J Cleaner Prod. 2011;19:1080-1090.

[2] Marczyk J, Ziejewska C, Gadek S, Korniejenko K, Lach M, Goéra M, et al. Hybrid materials based on fly
ash, metakaolin, and cement for 3d printing. Mater. 2021;14:6874.

[3] Riveral, Mejia J, Mejia R, Gordillo M. Hybrid cement based on the alkali activation of by-products of coal.
Rev Constr. 2014;13(2):31-39.

[4] Askarian M, Tao Z, Samali B. Mechanical properties of ambient cured one-part hybrid opc-geopolymer
concrete. Constr Build Mater. 2018;186:330-337.

[5] Kumar DP, Jeevetha T, NirmaKumar K, Nandhini N, Vijayashanthy S. Mechanical properties of OPC -
geocement. Concr Int J Recent Tech Eng. 2019;8(4):3733-3736.

[6] Hasan M, Saidi T, Husaini H. Properties and microstructure of composite cement paste with diatomaceous
earth powder (DEP) from Aceh Besar district — Indonesia. Asia Pac J Sci Tech. 2021;27(01):1-11.

[71 Dhir RK, Ghataora GS, Lynn CJ. Concrete-related applications. In: Dhir RK, editor. Sustainable
Construction Materials. 1% ed. Sawston, Cambridge: Woodhead Publishing; 2018. p. 111-158.

[8] Gonzalez-Fonteboa B, Lopez-Gayarre F, Vera-Agulla J, Casado M, Medina C. Real-scale applications of
waste in cement-based materials in building. In: Brito JD, Thomas C, Agrera F, editors. Waste and
Byproducts in Cement-Based Materials. Sawston, Cambridge: Woodhead Publishing; 2021. p. 681-713.

[9] Alexander SJ, Godwin A, Alexander S. Study on partial replacement of fine aggregate with red soil in
concrete. Int J Res Appl Sci Eng Tech. 2016;4(V):138-145.

[10] Singh N, Mithulraj M, Arya S. Influence of coal bottom ash as fine aggregates replacement on various
properties of concretes: A review. Res Con Rec. 2018;138:257-271.

[11] Siddique R, Kunal AM. Utilization of industrial by-products and natural ashes in mortar and concrete
development of sustainable construction materials. In: Harries KA, Sharma B, editors. Non-conventional
and Vernacular Construction Materials. 2™ ed. Sawston, Cambridge: Woodhead publishing; 2020. p. 247-
303.



[12]
[13]
[14]
[15]
[16]
[17]

[18]

[19]
(20]
(21]
[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]
[30]
[31]

[32]

(33]

[34]

[35]

10

Joy JS, Mathew M. Experimental study on geopolymer concrete with partial replacement of fine aggregate
with foundry sand. Int J] Adv Tech Eng Sci. 2015;3(1):559-568.

LuJ, Poon C. Recycling of waste glass in construction materials. In: Brito J, Agrela F, editors. New Trends
in Eco-efficient and Recycled Concrete. Sawston, Cambridge: Woodhead Publishing; 2019. p. 153-167.
Harrison E, Berenjian A, Seifan M. Recycling of waste glass as aggregate in cement-based materials.
Environ Sci Ecotechnol. 2020;4:100064.

Udoeyo FF, Udeme HI, Odim O. Strength performance of laterized concrete. Constr Build Mater.
2006;20(10):1057-1062.

Saichand G, Harshitha MR. Study of concrete by replacement of lateritic soil as a partial replacement in the
fine aggregate. Int J Res Appl Sci Eng Tech. 2019;7(IV):153.

Manu V, Srivathsa HU. Study on concrete properties by partially replacing cement by metakaolin and fine
aggregate by lateraite soil. Int J Innov Res Sci Eng Technol. 2017;6(2):1463-1469.

Ashwin S, Aishwarya BR, Praveen HR, Shwetha N, Adarsh U. An experimental study on concrete with
partial replacement of fine aggregates by laterite sand. Int J Innov Res Sci Eng Technol. (2017;6(5):8732-
8737.

Muthusamy K, Kamaruzaman NW. Assessment of Malaysian Laterite Aggregate in Concrete. Int J Civ
Environ Eng. 2012;12(04):83-86.

Karra RC, Raghunandan ME, Manjunath B. Partial replacement of fine aggregates with laterite in GGBS
blended-Concrete. Adv concr constr. 2016;4(3):221-230.

Ewa DE, Ukpata JO, Egbe EA,Akeke GA. Physical properties of sandcrete-laterite blocks. Int J Mech Civ
Eng. 2022;5(1):1-9.

Siddharth K, Lakshmi PT, Vishnu RA. Experimental studies of geopolymer mortar with fine aggregate
partially replaced by crushed laterite. Int Res J Eng Techno. 2016;103(12):98.

British Standards Institution. BS EN 197-1:2000. Cement, composition, specification and conformity
criteria for common cement [internet]. 2022 [cited 2022 May 24]. Available from: http://bqw.csstgc.com.cn
/userfiles/f5ab408a6cfa42859983 154ab85f56¢0/files/teckSolution/2020/05/BS%20EN%20197-1-
2000.pdf.

ASTM International. ASTM C618-12a (2014). Standard specification for coal fly ash and raw or calcinated
natural pozzolan for use in concrete [Internet]. 2014 [cited 2022 May 24]. Available from: https://www.ast
m.org/Standards/C618-12a.htm.

British Standards Institution. BS EN 12620:2002. Specification for aggregates from natural sources for
concrete [internet]. 2022 [cited 2022 May 24]. Available from: www.bsi-global.com/BS EN 12620:2002.
ASTM International. ASTM C136/C136M-19 (2019). Standard Test Method for Sieve Analysis of Coarse
and Fine Aggregates [Internet]. 2019 [cited 2022 May 24]. Available from: https://www.astm.org/Standard
s/C136M-19.htm.

Adeola AJ, Oyebola AM. Mineralogy and geochemistry of the weathering profiles above the basement
rocks in Idi- Ayunre and Akure Districts, Southwestern Nigeria. J Geogr Geol. 2016;8(2):15-29.

British Standards Institution. BS EN 1008:2002. Mixing Water for Concrete - Specification for Sampling,
Testing and Assessing the Suitability of Water, Including Water Recovered from Processes in the Concrete
Industry as Mixing Water for Concrete [internet]. 2008 [cited 2022 May 24]. Available from: www.bsi-
global.com/BS EN 1008:2002.

British Standards Institution. BS5328-2:1997. Methods for specifying concrete mixes [internet]. 2002 [cited
2022 August 3]. Available from: www.bsi-global.com/BS5328-2:1997.

Sharma A, Ahmad J. Factors affecting compressive strength of geopolymer concrete-a review. Int Res J
Eng Technol. 2017;4(01):1536.

Hardjito D, Rangan BV. Development and properties of low-calcium fly ash-based geopolymer concrete.
Perth, Australia: Curtin University of Technology; 2005.

Aldin Z, Nedeljkovic M, Lukovic M, Liu J, Blom K, Ye G, editors. Optimization of a geopolymer mixture
for a reinforced cantilever concrete bench. 9 international symposium on cement and concrete. 31 Oct-3
Nov 2017; Wuhan, China. Wuhan: ISCC; 2017.

Hammat S, Menad B, Kenai S, Thomas C, Kirgiz MS, Sousa Galdino AG. The effect of content and fineness
of natural pozzolana on the rheological, mechanical, and durability properties of self-compacting mortar. J
Build Eng. 2021;44:103276.

Gorhan G, Aslaner R, Sinik O. The effect of curing on the properties of metakaolin and fly ash-based
geopolymer paste. ] Compositesb. 2016; 97:329-335.

Belaidi SE, Azzouz L, Kadri EH, Kenai S. Effect of natural pozzolana and marble powder on the properties
of self-compacting concrete. Constr Build Mater. 2012;31:251-257.



