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Abstract

This paper presents an assessment of mechanical strength of slag-concrete with partially replacing
cement with 0, 10, 20, and 30% metakaolin (MK) for a targeted strength of 35MPa at 28-day curing. The
compressive, split tensile and flexural strength of the concrete were examined in line with appropriate
specifications. The durability was evaluated by exposing the concrete specimens to sodium sulphate and
sodium chloride for 7, 28, 56, and 90 days and measure the loss in compressive strength. The mix design
with water-cement ratio of 0.5 is 1:1.21:2.89 (cement: sand: coarse slag). The targeted compressive
strength was met by all the percentages of metakaolin though the strength decreases with increase
in percentage of metakaolin added. The MK10 has the highest value for compressive, split tensile and
flexural strength above the control. The slag-concrete showed more resistance to sulphate attack and
exposure to chloride than the control. The maximum loss was obtained at MK30 (10.77%) for 28-days
and the minimum loss was 5.87% at 90-days. Loss in compressive strength for concrete cured in sodium
chloride showed less deterioration compared to sulphate cured concrete. Based on the obtained results
10% of metakaolin and 100% steel sag will produce eco-friendly concrete pavement and preserve the
natural resources.

Introduction

Waste generation has increased greatly as a result of urbanization causing a great problem
of disposing them. This has led to various studies to explore every possible way of reusing
the wide range of waste materials. Concrete consumes quite a large amount of natural raw
aggregates, which cannot be sustained without the use of alternative cheap materials which
can be sourced locally [1,2]. Eco-friendly concrete reduces the greenhouse gas emissions,
preservation of natural resources and promotes the use of waste materials in concrete [3-6].

Steel slag which is a by-product of scraps of iron and steel, about 96 to 145 million metric
tons of steel slag are produced yearly in Nigeria [7]. They are disposed indiscriminately around
the manufacturing areas thereby constituting environmental hazards [1]. The characteristics
of steel slag depends on the manufacturing process and the main oxides are calcium, silicon,
iron and other oxides such as aluminum, magnesium and manganese. The oxides of calcium
and magnesium in steel slag aggregate has been found to affect concrete negatively causing
volume expansion as a result of hydration with water [8-10]. Studies have shown that a
common solution to the expansion issue is to stockpile for six months or use within 90 days
of continuous watering within this period [11,12]. Generally, steel slag is denser and has
higher water absorption properties than natural aggregates, this can influence the concrete’s
absorption properties [13,14]. Researchers have reported the use of steel slag in concrete
with improved mechanical strength characteristics such as compressive, tensile, flexural and
abrasion resistance [1,15,16]. Since the performance and studies of steel slag in concrete is
an on-going and location specific, this study aims at using 100% steel slag as coarse aggregate
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with partial replacement of cement with metakaolin in concrete
pavement. Concrete durability is important since it must resist in
various aggressive environment.

Metakaolin (MK) has been regarded as a good supplementary
cementitious material and environmental friendly [5,17,18].
Metakaolin is not an industrial by-product but generated by
calcination of kaolin clay at temperature of 650° and 800 °C. It is
used to improve the workability, strength, resistance to cracks as
well as durability of concrete [5,19]. Dinakar et al. [20] reported
a compressive strength of 106MPa was obtained with 10%MK
replacement moreover, MK concretes showed a good resistance
compared to control in terms of durability test. In their research
[5] MK was replaced at 10, 20, 30 and 40% in the production of
concrete with recycled concrete aggregates at a targeted strength
of 45MPa at 28-day test. The durability and targeted compressive
strength were achieved at 20% MK replacement. This study aims at
assessing the mechanical characteristics of steel slag concrete and
partial replacement of cement with metakaolin in an aggressive
environment.

Materials and Methods
Materials

The metakaolin was obtained after calcination of kaolin at 650
°C for 90 minutes and its chemical composition was determined
(Table 1). Coarse aggregate of 100% steel slag of average size of
19mm obtained from industrial company in Shagamu Ogun State
which has been stockpile for over one year, specific gravity, loose
and compacted bulk density was examined while sharp sand was
used as fine aggregate. Portland limestone cement of grade 42.5N
was obtained from open market.

Table 1: Chemical composition of metakaolin and steel
slag.

Oxides MK (%) Steel Slag (%)

Sio, 53.72 23.93

ALO, 42.58 6.57
Fe,0, 1.19 37.46

Ca0 0.12 12.90

MgO 0.29 0.00

Na,0 0.18 0.00

K,0 0.25 0.45

TiO, 0.43 0.00

Loss on ignition 1.24 1.60

Cement was replaced with MK at 0, 10, 20, and 30% by weight
with water-cement ratio of 0.5 and targeted strength of 35MPa at
28days. Water reducing admixture at 1% was added to improve the
workability of the concrete.

Mix design and methods

The mix design was done using ACI 211 4R-08 [21] and
are cement, fine aggregate and coarse steel slag in proportion

of 1:1.21:2.89 respectively (Table 2). The moulds of 100 x 100 x
100mm, 100mm diameter x 200 mm height cylinder and 100 x
100 x 500mm were used for compressive strength (BS EN 12390-
3, 2009 [22]) , split tensile strength (BS EN 12390-6, 2009 [23]),
and flexural strength (BS EN 12390-5, 2009 [24]) respectively.
They were lubricated, filled with fresh concrete in layers and the
specimens were Kept under cool environment for 24 hours before
demoulding (ASTM C 192 [25]). Three specimens were made for
each mix and cured fully submerged in water tank for 7, 28, 56 and
90 days before testing.

Table 2: Mix design.

Mixes
Materials

Control MK10 MK20 MK30
Cement (kg/m?) 444 399.6 355.2 310.8
MK (kg/m?) - 44.4 88.8 133.2

Water (1/m?) 222 222 222 222
Fine (kg/m?®) 537.13 537.13 537.13 537.13
Coarse (kg/m?) 1283 1283 1283 1283

Durability test was carried out through curing the concrete
specimens in 5% 0.1M sodium sulphate and 5% 0.2M sodium
chloride solutions (Figure 1) for 7, 28, 56 and 90 days. The
solutions were replaced at regular intervals to maintain constant
concentration. Loss in compressive strength was assessed.

Figure 1: a-metakaolin; b-sodium sulphate; c-split
tensile test; d-sodium chloride.

Results and Discussion

The results of test on MK showed that the specific gravity is
3.0, loose and compacted bulk density are 1452.8 and 1603.77kg/
m?3, the specific gravity and fineness modulus of river sand is 2.57
and 3.44 respectively. The results of X-ray diffraction of steel slag
presented in Table 1 showed that magnesium oxide which is
responsible for concrete volume expansion is not presented and
could have been to the fact that the slag has been stockpile for a
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long time. The addition of the three major oxides amount to 67.99%
for steel slag and 97.49% for MK. The higher content of iron oxide
in the slag could be attributed to the source and composition of the
scrap used.

Mechanical strength characteristics

Figures 2-4 shows the results of the compressive, split tensile
and flexural strength obtained from the concrete mixes at 0, 10, 20
and 30% replacement with MK. The compressive strength for all
the specimens increased with age, the targeted strength (35MPa)
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was satisfied by all the percentages of MK considered. Generally,
for the curing days, the compressive strength decreases as the
percentage of MK increases. It was also observed that 10% MK
has higher compressive strength than that of the control for all the
ages, the increase was 2.53, 4.10, 5.95 and 2.86% for 7, 28, 56 and
90 days of curing respectively. The result obtained is in agreement
with [20] which also obtained the optimum replacement level of
cement by MK at 10% that gave the highest compressive strength.
The result clearly shows that 10% MK is the optimum in respect of
compressive strength.
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Figure 2: Compressive strength and curing days.
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Figure 3: Split tensile strength and curing days.

The average value of the split tensile strength for 28 days
as shown in Figure 3 for control and MK 10 was about 2.21 and
2.28MPa respectively. This corresponds to 5.20 and 5.12% of the
compressive strength for the control and MK10. It can be observed
that the split tensile strength also was the highest at MK 10 [20].
The result indicate that increase over the control for 7, 28, 56 and
90 days are 8.25,3.17, 7.48 and 7.16%.

The results of flexural strength as shown in Figure 4 also indicate
that the values are higher at MK10 for all the curing days compared
with control specimen. The value (11.01MPa) obtained at 7 days is
more than what was recommended by AASHTO (4.5-6.0MPa) for
concrete pavement. It can be concluded that the flexural strength
of Slag-concrete increased with the increase in percentage of MK.

Res Dev Material Sci

Copyright © Abiola 0OS



RDMS.000909. 17(2).2022

1950

12 -
10 -+

Flexural strength (MPa)

o N B o

B control
m10%
m20%

30%

Tdays

28days
Days

Sedays 90days

Figure 4: Flexural strength and curing days.

Durability characteristics of MK-steel slag concrete

The compressive strength was examined after 7, 28, 56 and 90
days of immersion in sulphate and chloride solution. The specimens
were compared with the compressive strength cured in water and
the results of the loss are presented in Table 3 & 4 respectively.

Table 3: Percentage loss in compressive strength (Sulphate
Solution).

7 days 28 days 56 days 90 days
0% -16.66% -8.55% -8.70% -9.91%
10 % -10.34% -6.92% -7.21% -5.87%
20 % -6.79% -7.06% -9.24% -6.29%
30 % -3.67% -10.77% -7.10% -7.84%

Table 4: Percentage loss in compressive strength (Chloride
Solution).

7 days 28 days 56 days 90 days
0% -12.5% -6.29% -6.41% -7.59%
10 % -7.62% -3.40% -3.73% -3.22%
20 % -5.12% -3.30% -6.73% -4.07%
30 % -1.02% -6.30% -5.51% -3.72%

The result of compressive strength loss for sulphate attack
specimens shows more loss for the control than for all the
specimens with MK. The strength for the control was 8.55% and
that of MK 10 was 6.92%. The loss reduces from the 7™ day to the
28" and afterwards increases which was also reported by [26], the
maximum loss for the MK30 replacement was 10.77% at 28 days.
The minimum loss was 5.87% with MK10 at 90 days. The result
obtained clearly allude to the fact that metakaolin can improve
sulphate resistance in concrete [27,28].

The loss in compressive strength of the MK-steel slag concrete
exposed to sodium hydroxide is shown in Table 4. The rate of
deterioration in sodium chloride is less severe when compared with
sulphate attack resulted in the formation of ettringite, which makes
it more detrimental than chloride attack. The control specimen
decreased by 7.59% and MK10 decreased in strength by 3.22%

at 90 days of immersion in sodium chloride. The loss in strength
decreases as the percentage of MK increases.

Conclusion

This study presents the results of mechanical strength of an
eco-friendly slag-concrete with partial replacement of cement with
0, 10, 20, and 30% metakaolin in an aggressive environment. The
following detailed conclusion can be drawn:

1. The targeted strength of 35 MPa at 28 days of curing has the
ratio of cement, fine and coarse aggregates as 1:1.21:2.89.

2. The 35 MPa was met by all the percentages of metakaolin. The
compressive strength decreases with increasing in percentage
of metakaolin

3. The MK10 has the highest compressive strength, tensile
strength and flexural strength above the control

4. The split tensile strength at MK10 over the control increase in
8.25,3.17,7.48,and 7.16% at 7, 28, 56 and 90 days respectively

5. The flexural strength of Slag-concrete increased with the
increase in percentage of MK.

6. The durability shows that loss of compressive strength was
more with the control specimen than MK specimen. The
maximum loss was 10.77% for MK30 at 28 days while the
minimum loss was 5.78% for MK10 at 90 days.

7. Loss in compressive strength for concrete cured in sodium
chloride showed less deterioration compared to sulphate
cured concrete.

8. Based on the obtained results 10% of metakaolin and 100%
steel sag will produce eco-friendly concrete pavement and
preserve the natural resources.
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