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Changing human lifestyle and increasing urbanisation are contributory factors to the high demand for concrete construction
materials across the globe. With the imminent developments in the unpopulated marine/coastal zones, higher installation of
concrete facilities is still expected. However, poor design and construction procedures coupled with inadequate materials selection
and exposure to aggressive environmental conditions, such as chloride laden environments, often result in the reduced aesthetic
and structural performance of concrete. Deterioration of reinforced concrete structures located in a coastal/marine setting can
influence the safety, economic, and sustainability aspects of society. Hence, there is an increased need for alternate binder systems
with the ability to reduce the effects of chloride attack in concrete. This paper presents a critical review of the engineering
properties of metakaolin (MK) based concrete exposed to chloride attack. The key advantages and limitations of using MK for
concrete production purposes were outlined and evaluated. Areas for future research were also highlighted in this paper. Based on
the favourable 28-day compressive strength (73-84 MPa) and durability performance documented across the numerous past year
studies that were reviewed, it can be concluded that MK is a viable alternate binder material for combatting chloride attack in
coastal/marine concrete structures. This, in conjunction with its lack of chemical CO, emissions, proves that MK can be used to
improve the serviceability and sustainability states of marine structures. The viewpoint of this review will guide concrete
constructors and researchers on a possible framework for the utilisation of metakaolin for enhancing durability concrete in
aggressive environments.

1. Introduction

Concrete made from Portland cement is renowned for its
superior durability properties and versatility, which is why it
is the most widely used material in the construction in-
dustry. However, poor design and construction practices,
inadequate materials selection, and exposure to severe
conditions, such as chloride laden environments, often

result in the deterioration of the aesthetic and structural
aspects of concrete [1].

More than 1 m® of concrete is estimated to be produced
per individual per year on a global scale [2]. Approximately 5
to 7% of the human-induced carbon dioxide (CO,) emis-
sions can be attributed to the cement manufacturing in-
dustry [2-4]. The global annual cement production in 2020
is anticipated to be around 5.9 billion tons, which amounts
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to 4.8 billion tons of CO, that will be produced [5]. Sulphur
trioxide (SO3) and nitrogen oxides (NOx) are some of the
other harmful greenhouse gases that are released during the
cement manufacturing process and can also have an adverse
environmental impact. Along with releasing toxic green-
house gases into the atmosphere, the Portland cement (PC)
production process is also responsible for the consumption
of large quantities of raw materials and energy.

The ever-expanding population and physical attributes
experienced on a local and global scale are the main factors
associated with the increased demand for future develop-
ment. It is anticipated that the majority of this development
will take place in marine and coastal regions. This can be
accredited to the satisfactory trade and transport prospects,
suitable locations for human settlements, and ease of access
linked with these areas [6].

The deterioration of reinforced concrete marine struc-
tures impacts the safety, economy, and sustainability aspects
of everyday life [7]. A large economic burden is placed on
society, which results from the excessive amount of concrete
being produced to repair and rehabilitate deteriorated
concrete as opposed to being used in new construction
schemes. Therefore, coastal engineers must understand the
long-term durability factors of marine concrete structures.

Chloride attack is the main factor affecting the durability
of reinforced concrete structures situated in marine and
coastal regions [8, 9]. The penetration of chloride ions into
concrete also plays a vital role in the physical and chemical
processes associated with deterioration of the microstruc-
ture of concrete and the corrosion of steel reinforcement
[10]. This ultimately results in unsafe marine structures, with
reduced service life.

The corrosion mechanism is initiated when a critical
concentration of chloride ions has accumulated at the steel
reinforcement [11]. The deterioration associated with
chloride-induced corrosion of reinforced concrete struc-
tures is not only reported to be a major durability problem in
South Africa but all across the world [7].

The propagation of chloride attack, which leads to
cracking, spalling, and reduction of load-bearing capacity in
reinforced structures, is initiated by expansion/contraction
and hydration/dehydration cycles [7]. In marine and coastal
environments, these cycles are dependent on variations in
temperature and humidity.

The climate on the east coast of South Africa (i.e.,
Durban) is described as subtropical and humid, with sig-
nificantly higher volumes of precipitation in comparison
with other regions of South Africa [6]. In the absence of a
strong upwelling of cold bottom water on the east coast, the
water temperature along the Durban coast is found to be
warmer and ranges from 18 to 27°C [6]. The propagation of
chloride attack increases when concrete is exposed to warm
climates and seawater that is saline [8].

Extensive research into the durability problems associ-
ated with chloride attack in concrete has incorporated the
use of recycled materials and secondary products in concrete
[12]. From a marine and coastal engineering perspective,
there is an increased need for alternate binder systems with
the ability to reduce the penetration of chloride ions.
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Alternate binder systems are often used to improve the
durability, along with the fresh and hardened state prop-
erties of concrete exposed to a chloride laden environment
[13]. It has been well documented that the use of an al-
ternative binder reduces the cement content thereby re-
ducing the heat of hydration, while also improving the
durability by reducing the permeability and thus improving
concrete’s resistance to chloride attack [13-15].

This contribution presents previous studies on the use of
metakaolin (MK) as an alternative binder system to combat
chloride attack in concrete. MK is still a fairly new ce-
mentitious material to the South African concrete industry,
with fly ash being the more commonly used option for
combatting chloride attack in Durban Harbour. MK is a
supplementary cementitious material whose application in
concrete structures dates back to the 1960s when Jupia Dam
was constructed in Brazil [16]. MK differs from secondary
cementitious binder materials, such as ground granulated
blast furnace slag (GGBS), fly ash (FA), and condensed silica
fume (CSF) in the sense that it is not a by-product from
industrial processes.

MK is categorised as being a highly reactive pozzolan
that displays favourable concrete performance characteris-
tics when utilised in combination with FA and GGBS. This
leads to an increased amount of cement being replaced,
which reduces the overall greenhouse gas emissions and
subsequently improves the sustainability and financial
properties of concrete. As shown in Table 1, using MK as a
supplementary cementitious material can have a significant
impact on concrete performance. To critically assess the
viability of MK for use in combatting chloride attack in
concrete, it is crucial to gain a detailed understanding of its
engineering properties. Therefore, this review paper aims to
consolidate the findings documented across various research
studies to gain further insight into the performance of
concrete incorporating MK as a partial cement replacement,
with a primary focus on its structural behaviour and the
fresh state and mechanical and durability properties.

2. Methodology

An extensive search of published research papers about the
use of MK as a partial cement replacement in concrete was
performed by using major search engines, such as Science
Direct and Google Scholar. The research articles were se-
lected according to their significance to this review, while the
number of individual citations was not applied as a selection
criterion. The research papers were then categorised and
organised in accordance with their relevance to the fresh
state and mechanical and durability properties of concrete
(Figure 1). The numerous engineering properties docu-
mented in the past year and studies were extracted and
critically reviewed. The similarities and differences observed
between the various studies were noted and discussed in
detail. Therefore, the research conducted in this paper will
serve as a valuable guide for future researchers and con-
struction industry professionals. This review paper has been
split into six sections. Section 3 outlines the material
properties of MK, including its manufacturing process,
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TaBLE 1: Previous studies on the engineering properties of concrete containing varying amounts of metakaolin (MK).

Research MK  Water-binder Properties Findines
study (%) ratio researched &
. Compressive strength of the MK samples cured in a chloride laden setting is
Mechanical . . .
higher than the control; optimum MK content is 5%
[16] 2to6 0.45 . . . .
s Porosity and chloride resistance improved as the MK content and concrete age
Durability .
increased
[17] 5to 25 0.42 Fresh Workability decreased as the MK content increased
[18] 5to 15 — Fresh Workability decreased as the MK content increased
Mechanical Compressive strength of the MK samples is superior to the control samples
[19] 5&15 0.25 & 0.35 s MK enhanced the permeability properties; sorptivity coeflicient decreased as the
Durability .
w/b ratio was reduced
[20] 5o 15 0.35 Mechanical Strength increased as the MK content increased; optimum compressive strength
results for 15% MK
[21] 5 t0 30 0.45 Mechanical Compressive strength increased as the MK content increased; limited strength
development after 28 days
. oh 1o
[22] 51020 025 & 0.5 Mechanical Optimum strength results between 10 and 15%; no limited strength development
after 28 days
. Improved compressive and flexural strength observed in the concrete samples
Mechanical o
[23] 8 — containing MK
Durability Concrete samples containing the coarser MK displayed reduced permeability
. . 1 1e0 A :
[24] 5 t0 20 0.49 Mechanical Compressive strength increased up until 15% MK level; optimum MK content is

5%

chemical composition, morphology, hydration process,
carbon footprint, and economic properties. Section 4 in-
cludes a review of the fresh state properties of MK concrete.
The mechanical properties, namely, compressive and flex-
ural strength, are reviewed in Section 5, while Section 6
discusses the durability performance, and Section 7 presents
the concluding remarks and areas for future research.

3. Material Properties of Metakaolin

3.1. Manufacturing Process and Chemical Composition.
Metakaolin is produced by heating kaolin, which is a natural
clay mineral, to a temperature between 650°C and 800°C
[25]. Exceeding this temperature leads to the metakaolin
becoming nonreactive and inert [26]. Equation (1) shows
that when kaolin ((Al,Si,O5(OH),) or AS,H,) is heated, it is
converted into metakaolin ((Al,Si,Os) or AS,) via the
process of hydroxylation [25]. The physical properties are
presented in Table 2.

S ALO, - 2510, + 2H,0 (1)

AL Si, 05 (OH),

Metakaolin is classified as an aluminosilicate material
that contains varying amounts of alumina (40%-45%) and
silica (50%-55%) [25]. It is usually a white powder that
consists of particles with a diameter of approximately 2 ym,
which makes it finer than Portland cement (Table 2) [25].
Metakaolin is renowned for its ability to improve the per-
formance of concrete, which can be achieved by reacting
with available calcium hydroxide or portlandite to produce
secondary calcium silica hydrate (C-S-H) and various other
hydrates (C4AH;;, C;AH,, and C,ASHj or stratlingite) [26].

Obviously, from available data, it is known that the
microstructure and hydrating states impact the chloride
resistance properties of concrete. Metakaolin improves the

chloride resistance of concrete through the refinement of the
pore structure, production of C-S-H from pozzolanic re-
actions and reduction of chloride attack through the de-
velopment of Friedel's salt [16]. Friedel's salt
(3Ca0-Al,03-CaCl,-10H,0) is the chemical product from
the reaction between chloride ions and C;A [28]. This re-
duces the effect of permeability in concrete, which makes it
more difficult for the chloride ions present in seawater to
penetrate the cover concrete and corrode the steel
reinforcement.

According to ASTM [29], the summation of the three
main oxide constituents, namely, SiO,, Al,Os, and Fe,Os,
must be a minimum of 50% for a material to be categorised
as pozzolanic. From Table 3, it can be concluded that all the
MK samples used in the various research studies can be
classified as pozzolanic.

3.2. Morphology. In scenarios where concrete structures
undergo severe loss of compressive strength and durability,
for example, in coastal and marine environments, meta-
kaolin proves useful in modifying the fresh and hardened
state properties, while also improving the performance of
concrete [30]. The performance of MK as supplementary
cementitious material is dependent on the particle size
distribution and morphological properties of the MK
sample. The morphology of MK has a direct impact on the
engineering properties of concrete containing MK. Mor-
phology serves as an effective material property for evalu-
ating the viability of MK as an alternate binder material for
combatting chloride attack, with Scanning Electron Mi-
croscope (SEM) studies being the most widely utilised
technique for defining the morphology of MK.

The SEM investigations conducted by [31-33] revealed
that the MK particles are angular and platy in nature
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Collection of published research studies pertaining to the use of MK as a supplementary
cementitious material for concrete production

Categorization of the published research studies into the relevant engineering properties of
concrete

Critical review of the various findings documented in the collected research articles

Fresh state properties: Mechanical properties: Durability properties:
MK improved the
MK .reduces the mechanical properties of MK enhanced the
workabllflty performance concrete. The optimum durability performance
of concrete MK content level was of concrete.

determined to be Further experimental

between 5 and 15%. It was studies in accordance
with the South African

also noted that there was
limited strength
development after 28
days

standards are required

Detailed analysis used to assess the feasibility of MK as an alternative binder material for
combatting chloride attack

FIGURE 1: Schematic diagram showing the methodology, results, and recommendations.

TaBLE 2: Physical properties of metakaolin [27].

Physical property Description
Specific gravity 2.40-2.60
Specific surface area 8-15m°/g
Brunauer-Emmett-Teller (BET) surface 5
15m*/g

area
Brightness 80-82 Hunter L
Physical form Powder

Oft white, gray to
Colour Buff

(Figures 2(a) and 2(b)). Yusuf et al. [32] also noted that the
surface of the MK particles appeared to be rough. The au-
thors attributed this to the incineration process, followed in
manufacturing the MK. The use of metakaolin as an al-
ternative binder system will enhance the compressive

strength and durability of concrete. The main factors that
contribute to this increase include the filler effect, the di-
lution effect (physical effect), and the pozzolanic reaction of
metakaolin with Ca (OH), (chemical effect) forming ad-
ditional C-S-H gel [34].

Metakaolin used in concrete blends fills the void space
between the cement particles to produce a more imper-
meable concrete structure [35]. The C-S-H gel that is made
in the following reaction (see (2) and (3)) is responsible for
the strength growth in cement-based concrete [36]:

Cement + Water — C - S - Hgel + Ca(OH), (2)

Ca(OH), + Metakaolin — C — S — Hgel (3)

Supplementary cementitious materials can be cat-
egorised into two classes: slow reacting and rapid reacting,



Advances in Civil Engineering 5
TaBLE 3: Chemical composition of MK samples used in past research studies.
Oxides (%

Research study . (%) )

CaO SiO, AlLO; Fe, 03 MgO K,0 P,0s SO, Na,O TiO, LOI
[16] 0.03 57.37 38.63 0.77 0.07 0.49 0.61 0.15 0.39 0.40 1.04
[18] 0.09 51.6 41.3 4.64 0.16 0.62 — — 0.01 0.83 —
[19] 0.78 52.68 36.34 2.14 0.16 0.62 — — 0.26 — 0.98
[20] 0.05 51.2 453 0.6 — 0.16 — — 0.21 — 0.51
[21] 0.07 52.1 41 4.32 0.19 0.63 — — 0.26 0.81 0.6
[22] 24 56 37 24 0.3 1 — — 1 02 —
[23]* — 51.5 447 0.4 — — — — — 21 —
[23]** — 525 445 0.9 — — — — — 1.7 —

*MK235 (coarser) and **MK349 (finer).

dQ3(x) [%]

[Probe= 250 pA
Mag~ 1500 K%
W= 2.3 mm

o
Signal A = SE2
EHT » 5,00 k%
Column Made = High Resolution

Cantrast = 295 %
Brightness = 50.4%
20 Dec 2016

(®)

FIGURE 2: (a) SEM image depicting the shape and roughness of metakaolin particles [32] and (b) SEM particle image of K40 high-reactivity

metakaolin [33].

with metakaolin falling into the latter class. Concrete con-
taining metakaolin is expected to have improved short-term
performance and superior long-term strengths but not
develop any substantial strength after 28 days [26].

3.3. Sustainability and Economic Properties of Metakaolin.
Along with improvements to durability performance,
metakaolin also enhances the sustainability properties of
concrete. This is because the production of metakaolin does
not generate chemical CO, and requires lower temperatures,
in comparison with ordinary Portland cement, which in-
volves decarbonating of limestone and requires approxi-
mately 1450°C [26]. The low energy usage and the reduced
CO, emissions associated with the metakaolin
manufacturing process leads to a decrease of roughly 55% in
greenhouse gas emissions.

According to Cassagnabere et al. [37], around 175 kg of
CO, is emitted for every ton of MK that is produced, which is
significantly lower in comparison with the 1 ton of CO, that
is released for every ton of PC that is manufactured. It has
been proved that MK extends the concrete service life, which

reduces the need for the concrete to be replaced and sub-
sequently conserves resources.

Figure 3 depicts the projected costs associated with
replacing PC with 25% of FA and 5% of MK. Despite the fact
that the unit costs of MK ($303/t and $282/¢t) are higher than
that of PC and FA, the cost evaluation performed by [38]
shows that concrete containing MK achieved an overall
cheaper mix design. This can be attributed to the inclusion of
FA (which is less expensive than PC) as additional ce-
mentitious material. Therefore, the research study shows
that the more potent material properties of MK outweigh the
weaker material properties of FA. At the same time, the
cheaper unit cost of FA helps reduce the cost of the mix
design, which results in improved strength, durability and
economic performance of the concrete [38].

4. Fresh State Properties of Concrete
Containing Metakaolin

The fresh state lifecycle of concrete typically lasts for a short
period and begins once the mixing process has commenced
up until the concrete has set [12]. During this time, the
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FIGURE 3: Cost summary for producing MK concrete [38].

concrete is usually handled, transported, placed, and vi-
brated. There is a direct link between the material properties
of fresh and hardened concrete, which is visible when ob-
serving the reduced workability performance of fresh con-
crete after the mixing process has concluded. Furthermore,
the consistency and degree of vibration applied to the fresh
concrete have a direct influence on the strength and du-
rability properties of hardened concrete. Consistency,
workability, plastic shrinkage, settlement, and bleeding are
considered to be the main fresh state properties for struc-
tural concrete [12]. The incorporation of metakaolin as a
supplementary cementitious material will impact the fresh
state performance of concrete. This section of the review
paper will assess the findings acquired from numerous
experimental studies into the fresh state properties of
concrete containing metakaolin.

4.1. Workability. Owens [12] defines workability as being
the ease with which fresh concrete can be placed, vibrated,
and finished without any segregation of the constituent
materials. Slump is the most commonly used variable for
determining the workability performance of concrete in its
fresh state. The particle size distribution, particle shape,
water-binder (w/b) ratio, temperature, and the amount of
admixture added to the concrete mix directly influence the
workability properties of concrete [39].

Jagtap et al. [17] investigated the fresh state performance
of concrete containing various quantities (i.e., 5, 10, 15, 20,
and 25%) of MK as a partial replacement for cement. This
was achieved by performing a slump test to quantify the
effect MK has on the workability properties of conventional
concrete. A w/b ratio of 0.42 was used for all the concrete
mix designs. Brooks and Megat Johari [18] further examined
the slump performance of concrete mixes containing 5, 10,
and 15% of MK as a supplementary cementitious material. A
constant w/b ratio and superplasticiser content was main-
tained throughout all concrete mix designs.
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As shown in Figure 4, the authors found that the
measured slump decreased as the MK content increased.
This indicates that the workability of the concrete mix is
reduced when the percentage replacement of Portland ce-
ment with metakaolin increases. Jagtap et al. [17] attribute
this inversely proportional relationship to the reduced
fineness modulus of metakaolin, which results in a limited
amount of cement paste present to provide the lubricating
effect per unit surface area of aggregate.

Brooks and Megat Johari [18] also noted that the in-
corporation of MK influenced the setting time of the concrete.
The authors observed that the initial and final setting times
were prolonged until the MK content increased to the 10%
replacement level, while there was a decrease in the setting
time after that (Figure 5). This reduction was attributed to the
formation of denser binding phases resulting from the in-
creased water demand of MK concrete. As seen in Table 3, the
MK sample used by Brooks and Megat Johari [18] contained
high concentrations of SiO, and Al,Os. This would explain
the poor workability properties observed in the test results, as
the high oxide percentages will lead to an accelerated hy-
dration process that will subsequently reduce the setting time
and decrease the fresh state performance of the concrete.

The abovementioned analysis shows that a minimal
amount of experimental research has been undertaken to
investigate the fresh state properties of concrete containing
MK. However, there was a consistent trend observed in the
experimental results obtained by both sets of researchers,
which indicates that the addition of MK as a supplementary
cementitious material results in reduced concrete work-
ability performance.

5. Mechanical Properties of Concrete
Containing Metakaolin

The mechanical properties of concrete are quantified by
producing, curing, and testing concrete laboratory specimens,
with strength (compressive, flexural, and tensile), modulus of
elasticity, creep, and shrinkage classified as the main me-
chanical properties under consideration [40-42]. The con-
crete strength is an essential variable for the structural design
process and is often utilised as a guide when determining the
concrete quality and other relevant properties [12]. Structural
concrete generally experiences multiaxial stresses that are
variable. However, concrete strength is determined from the
laboratory testing of small samples that have undergone
different handling and curing procedures and have been
tested for uniaxial stresses. Therefore, concrete strength that
has been determined from laboratory testing only serves as an
index of the true strength of concrete structures [12]. The
addition of MK as a partial cement replacement has a sig-
nificant impact on the mechanical performance of concrete.
This section of the review paper will assess the findings ac-
quired from numerous experimental studies into the me-
chanical properties of concrete containing metakaolin.

5.1. Compressive, Tensile, and Flexural Strengths. The com-
pressive strength of concrete is the most commonly used
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FIGURE 5: Setting time results for concrete specimens containing
metakaolin [18].

parameter for structural engineering and design purposes
[12]. Owens [12] goes on to explain that the compressive
strength is calculated by dividing the maximum uniaxial
load that can be carried by the concrete with the laboratory
specimen’s cross-sectional area. The cube and core test are
the most widely used testing methods for determining the
compressive strength of concrete, while the flexural strength
test and tensile splitting test are used to calculate the tensile
strength [15, 42]. The flexural strength test consists of ex-
posing concrete beam samples to either two loads located at
third points or an individual load placed at midspan [12].
Conversely, the tensile splitting test involves subjecting
cylindrical or cube specimens to compressive loads that are
applied across two opposed lines [12].

Concrete strength increases with time when sufficient
moisture and temperature conditions are provided. In

concrete structures, it is found that the compression strength
is greater than the flexural strength, which can be attributed
to the fact that the w/b ratio, mix properties, aggregate
properties, curing conditions, and age affect the compressive
and tensile strengths in varying degrees [12].

Giineyisi et al. [19] studied the effect of MK on the
mechanical properties of high-performance concretes. This
was achieved by conducting compressive strength tests to
determine the strength performance of MK concrete. Two
control mixtures were designed, with w/b ratios of 0.25
(Control 1) and 0.35 (Control 2). Each control incorporated
5% and 15% replacement of cement with metakaolin (by
mass). Superplasticisers were also added to the mixtures, to
achieve slumps of 100 + 20 mm for samples with a w/b ratio
0f 0.25 and 150 + 20 mm for samples with a w/b ratio of 0.35.

The compression strength results attained by Giineyisi
et al. [19] in Figure 6 show that the specimens containing
metakaolin achieved higher compressive strengths in
comparison with the control samples, which is the case for
both w/b ratios. This proves that metakaolin improves the
bond that occurs between the cementitious material and the
aggregate particles, while also increasing the density of the
cement paste which ultimately leads to improved com-
pression strength in the concrete [19].

Likewise, Ding and Li [20] assessed the compressive
strength performance of concrete containing varying
amounts (5, 10, and 15%) of MK as a partial cement re-
placement. The findings documented indicate that the
compressive strength improved as the MK content in-
creased, with the 15% MK specimens achieving the optimum
strength results. The authors also noted that there was very
limited strength development after 28 days, which is in
agreement with similar observations that were made by Wild
et al. [21]. This can be attributed to the deceleration of the
pozzolanic reaction, which is due to the overall consumption
of the calcium hydroxide that is produced during the hy-
dration process.

Sabir et al. [43] conducted a review of the utilisation of
metakaolin as a pozzolanic material in concrete. The authors
also found that metakaolin provides a major improvement
in the development of early strength in concrete, whereas the
development of long-term strength is minimal. Kim et al.
[22] determined that the optimum MK replacement content
was between 10 and 15% in their experimental study.
However, the authors observed that there was no limited
strength development after 28 days, which contradicts with
the findings from Ding and Li [20] and Wild et al. [21].

Justice et al. [23] evaluated the effect of metakaolins with
varying degrees of fineness on the strength properties of
concrete. The two types of metakaolin used were MK349
(finer) and MK235 (coarser). Three sample groups were
created: an ordinary concrete mix (0% metakaolin), concrete
containing 8% MK235 (by mass), and concrete containing
8% MK349 (by mass). Superplasticisers were added to the
MK235 and MK349 mixes to achieve a slump of 76-102 mm,
with the dosage of superplasticiser increasing as the w/b ratio
decreased. It was shown that concrete containing metakaolin
produced higher strengths and improved durability when
compared to the control (Figure 7). The samples containing
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FIGURE 7: Average compressive strength with respect to concrete
age for w/b=10.40, 0.50, and 0.60 [23].

MK349 (finer) had a more distinct increase in compressive
strength. However, the strength increase is not present in the
MK349 specimens with a higher w/b ratio, which can be
attributed to the sufficient amount of water that was
available for the hydration reaction.

From Figure 8, it can be seen that the flexural strength
also increased in the concrete beam samples that incorpo-
rated metakaolin. It was also noted that the flexural strength
decreased as the w/b ratio increased. However, there was no
definitive relationship to indicate if MK235 or MK349 is the
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superior material for improving the flexural strength
properties of concrete [23].

Li et al. [16] conducted an experimental investigation to
assess the chloride resistance of concrete containing meta-
kaolin and seawater, along with the chloride resistance of
concrete exposed to chloride curing conditions. This in-
vestigation incorporated 0-6% replacement of Portland
cement with metakaolin. Freshwater (CMKO0-6) and artificial
seawater (SCMKO0-6) were used as the mixing water. Two
different curing conditions were implemented: standard
curing condition (CMKNO0-6 and SCMKNO0-6) and chloride
curing condition (CMKC0-6 and SCMKCO0-6).

Based on the compression test results obtained by Li
et al. [16], it can be seen (Figure 9) that the compressive
strength improved with age in all samples except CMKCO
and SCMKCO. The decrease in the 56-day compressive
strength in the CMKCO and SCMKCO specimens can be
attributed to the chloride attack that is experienced due to
exposure to chloride curing conditions. It is also worth
noting that the compressive strength results (all MK con-
tents) of the samples cured in a chloride laden setting are
significantly higher than that of the control specimens. This
indicates the favourable effect metakaolin has on improving
the pore structure of concrete, which proves its viability for
combatting chloride attack. The results obtained from the
compression tests of the CMK and SCMK samples increased
along with metakaolin content at both 28 and 56 days. The
combination of seawater mixing and curing in NaCl solution
(SCMKC) gives the highest possible compression results
(16].

Patil and Jadhav [24] also investigated the effect of
chloride attack on M20 grade concrete containing 0%, 5%,
10%, 15%, and 20% of metakaolin and silica fume. This was
achieved by curing the concrete specimens for 28 days under
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FIGURE 9: Compressive strength of concrete containing metakaolin at (a) 28 days and (b) 56 days [16].

normal conditions, that is, in a water bath. The samples were
then cured in a 5% NaCl solution for 60, 90, and 120 days.
Similarly, to Li et al. [16], it was determined that the highest
compressive strength occurred at 5% replacement of met-
akaolin and silica fume (Figure 10). The results acquired
indicate that a compressive strength greater than the control
samples (0% metakaolin and silica fume) is maintained up
until 15% replacement of metakaolin and silica fume.
However, the samples containing 20% metakaolin and silica
fume were found to have compressive strengths lower than
the control samples.

From the discussion above, it was observed that ex-
perimental studies conducted by Glineyisi et al. [19], Ding
and Li [20], Wild et al. [21], Sabir et al. [43], Kim et al. [22],
and Justice et al. [23] showed that MK improved the me-
chanical properties of concrete, with the 10-15% replace-
ment level attaining the optimum strength performance.
Similarly, Li et al. [16] and Patil and Jadhav [24] investigated
the effect of chloride attack on concrete containing MK, with
both research studies observing enhanced strength prop-
erties in the concrete samples containing MK. However,
both studies found the optimum MK content level to be 5%.

The improved strength performance documented in
most of the past research studies can be attributed to the
favourable effect MK has on the mechanical properties of
concrete. Section 4 of this research paper discussed the
influence of MK on the cement hydration process, which
results in the formation of additional C-S-H gel and leads to
enhanced strength performance. Table 3 shows that the MK
samples used in the experimental investigations contained
higher concentrations of SiO, and Al,O; (which are two of
the main oxides that make up the chemical composition of
pozzolanic materials). The high oxide percentages lead to the
formation of extra C-S-H gel, which is responsible for the
improved strength properties that were observed. Further-
more, MK also displays similar attributes to a filler material,
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FiGure 10: Compressive strength for chloride attack [24].

which fills the voids present in the concrete microstructure
and therefore reduces the porosity. This improvement to the
porosity and microstructure performance will also have a
favourable impact on the durability properties of concrete
incorporating MK as an alternate binder material, which will
be discussed in Section 6 of this review.

The variation in the optimum MK content level docu-
mented across all the research studies can be attributed to
varjous particle sizes and chemical compositions of the
numerous MK samples utilised in the experimental inves-
tigations. Hence, additional research is needed to quantify
the definitive optimum replacement level, particle size
distribution, and chemical composition of MK for use as a
viable binder material for combatting chloride attack in
coastal/marine concrete structures.
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6. Durability Properties of Concrete
Containing Metakaolin

Durability is defined as being the ability of a concrete
structure or component to resist severe exposure conditions
for the duration of its design life, without excessive loss of
serviceability or need for restoration schemes [12]. The
durability of concrete is related to the performance of the
concrete, which implies that it may be durable in a particular
environment but not in another [12].

The landscape of the concrete construction industry has
changed drastically over the last era. There is now an inflated
demand for construction projects to be completed in the
shortest time possible. This requires the use of high-early-
strength concrete, economical construction materials,
minimalistic construction methods, and thin, slender con-
crete sections with a high steel reinforcement content [12].

Concrete durability is directly linked to the internal pore
structure, porosity, and permeation properties of the sample
[44]. The durability performance of concrete can be im-
proved by incorporating a supplementary cementitious
material that has the overall effect of enhancing the pore
structure and enhancing the permeation properties [44].

The transport (permeation, absorption, diffusion, and
migration), mechanical, physical, and chemical properties
have been provided by Owens [12] as being the most in-
fluential on the durability properties of concrete structures.
Each property should be correlated with the exposure
conditions during the mix design and construction phase.
The incorporation of MK as an alternative binder material
has a significant impact on the durability performance of
concrete. This section of the review paper will assess the
findings acquired from numerous experimental studies into
the durability properties of concrete containing metakaolin.

6.1. Resistance to Chloride Attack. Corrosion of steel rein-
forcement is the most prominent cause of the loss of du-
rability in reinforced concrete structures, with chloride-
induced corrosion being the most prevalent deterioration
mechanism in coastal/marine structures [9, 12]. The expo-
sure conditions and the ability of the cover concrete to
protect the reinforcement has a key impact on the frequency
with which concrete loses its capacity to resist corrosion.

Concrete delivers excellent physical and chemical pro-
tection to steel reinforcement. The hydration of cement
produces Ca (OH),, which is highly alkaline and has a pH of
12-13 [12]. The alkaline nature of the pore solution provides
the perfect conditions to protect the embedded reinforce-
ment from corrosion [45]. Also, it is known that a thin,
dense and stable ferric-oxide film, known as the passivating
layer, forms on the surface of the steel, which reduces the
movement of ions between the concrete and embedded steel
[45].

This ultimately leads to a decrease in the corrosion rate.
However, with time the corrosion protection in reinforced
concrete may be reduced such that the embedded rein-
forcement begins to corrode. Owens [12] states that the
passivating layer can be destroyed by a reduction in the pH
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of the concrete and/or by chlorides present at the rein-
forcement level. If the pH of the concrete falls below 9 or
should the total chloride content exceed a critical value
known as the chloride threshold, then the passivating layer
and ensuing corrosion protection will be reduced [44].

Along with investigating the mechanical properties of
concrete containing metakaolin and seawater (see Section
5.1), Li et al. [16] also assessed the durability performance.
The chloride resistance of the concrete specimens was de-
termined using the Rapid Chloride Permeability Test
(RCPT). From the results attained in Figure 11, it can be seen
that the chloride resistance increased as the metakaolin
content and age increased. The addition of metakaolin to the
mix and the incorporation of artificial seawater as mixing
water provided the most chloride resistance concrete design.
This could be accredited to the fact that the addition of
metakaolin and seawater improved the concrete micro-
structure, due to the filling effect, pozzolanic reaction oc-
curring in metakaolin and quickening of hydration by
seawater [16].

Microscopy tests were conducted by Li et al. [16] to
determine the effect of chloride attack on the concrete
microstructure at 12 mm and 18 mm from the surface of the
concrete samples. A Scanning Electron Microscope (SEM)
was used after 56 days to analyse the pastes that experience
chloride curing conditions (PMKCO and PMKC5) and the
pastes that contain seawater (SPMKCO0 and SPMKCS5).

The microstructure of the control specimen (PMKCO)
was found to be porous with coarse corrosion products,
which are produced from chloride attack that has taken place
at 12 and 18 mm [16]. It was determined that the micro-
structure of PMKC5 was porous with fine corrosion
products at 12mm and denser at 18 mm. However, there
were fewer corrosion products in PMKCS5, which indicates
that the addition of metakaolin reduces the effect of chloride
attack in concrete.

In the paste containing seawater and no metakaolin
(SPMKCO0), the microstructure at 12 mm was determined to
be similar to the microstructure of PMKC5 at 18 mm [16]. At
a working distance of 18 mm, the microstructure was dense
and encompassed by deposits of corrosion products. For the
SPMKCS5 paste, the microstructure at both 12 and 18 mm
was dense with some fine corrosion products present [16].
There were fewer fine corrosion products found at 18 mm,
which indicates that seawater mixing and addition of
metakaolin improves the chloride resistance of concrete,
while also minimising the effect on chloride ingress in the
microstructure [16].

In the review conducted by Sabir et al. [43], the authors
also reported that metakaolin adjusted the pore structure of
concrete, to improve its resistance to transportation and
diffusion of chloride ions, which is the leading cause of
chloride attack in concrete structures. The results from the
RCPT conducted by Justice et al. [23] indicate that meta-
kaolin reduced the permeability of the concrete in com-
parison with the high permeability readings that were
generated for the control specimens (Figure 12). The samples
containing MK235 (coarser) are the most effective in de-
creasing the amount of charge passing through the concrete,
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Figure 11: Total charge passing through concrete under RCPT
[16].

whereas the results obtained for the MK349 (finer) samples
ranged from very low to moderate (Figure 12) [23].

6.2. Water Absorption and Porosity. Water absorption via
submersion is an important parameter for analysing the
durability performance of concrete. It defines the porosity
properties by quantifying the percentage of water that is
absorbed into the concrete microstructure when the labo-
ratory specimen is immersed and is linked to the square root
of time [13, 39]. Results obtained from the water sorptivity
test (Figure 13) conducted by Giineyisi et al. [19] indicate
that metakaolin improves the permeability properties of
concrete. Glineyisi et al. [19] also found that the sorptivity
coefficient decreased as the w/b ratio was reduced. An in-
versely proportional relationship exists between the sorp-
tivity coefficient and mechanical properties, which implies
that the specimens producing the highest compressive
strength have the lowest sorptivity coefficients. Low sorp-
tivity coeflicients indicate a finer pore structure, which is a
vital criterion for reducing the effect of chloride ingress in
coastal/marine environments. This is attributed to the pore
refinement resulting from filling and the secondary hy-
dration reaction that occurs in mineral admixtures [19].
Based on the analysis of past experimental investigations
that were performed in this section of the review paper, it
can be seen that extensive research has been undertaken to
determine the effect MK has on the durability performance
of concrete. The common trend present across all past year
studies shows that MK has a favourable effect on the du-
rability properties of concrete. This can be attributed to the
filler effect, whereby the MK particles (which are signifi-
cantly smaller than PC particles) fill the voids present in the
concrete microstructure and thus produce more imper-
meable concrete. This improvement to the porosity and
microstructure properties also proves that incorporating
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FIGURE 12: Results from the rapid chloride permeability test
(RCPT) after 28 days [23].
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MK as supplementary cementitious material is a suitable
strategy for combatting chloride attack in coastal/marine
concrete. However, it was also noted that the durability
properties of MK concrete had not been assessed in ac-
cordance with the South African durability standards for
concrete. Therefore, additional experimental research is
needed to evaluate the durability performance of concrete
containing MK in the South African context.

7. Concluding Remarks

This review paper included a critical analysis of the per-
formance characteristics of concrete containing MK as a
partial cement replacement. The concrete properties
assessed in this study include: fresh state and mechanical and
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durability properties. The main findings documented across
the numerous research studies that have been reviewed in
this paper are summarised in Table 1. The following con-
clusions were noted in the presented review:

(i) Workability (slump and setting time) decreased as
the MK replacement level increased.

(ii) Mechanical properties (compressive and flexural
strength) improved as the MK content increased.
The optimum MK replacement content was de-
termined to fall between 5 and 15%, with a notable
reduction in the concrete strength properties be-
yond this replacement level.

(iii) Durability performance improved with the incor-
poration of MK.

The low concrete workability observed in the MK
concrete mixes can be attributed to the variations in the
particle size distribution of MK and PC. The MK particles
are significantly finer than PC particles, which means that
MK has a high-water demand for the hydration process to
take place. As documented in the past year studies, the
increased water demand for concrete containing MK is also
responsible for accelerating the setting time after the 10%
MK replacement level.

The enhanced strength properties documented in the
past research studies can be associated with the pozzolanic
reaction that occurs between the MK and Ca (OH),, which
leads to the formation of additional C-S-H gel. In addition,
MK also exhibits similar characteristics as a filler material,
which enables the much finer MK particles to fill the voids
present between the PC particles. This results in MK con-
crete displaying reduced porosity, which indicates improved
microstructure properties and highlights the advantageous
impact MK has on the durability performance of concrete.
The favourable development of strength and durability
observed in concrete containing MK coupled with the lack of
chemical CO, emitted during the MK manufacturing pro-
cess shows the valuable impact MK can have on enhancing
the sustainability and serviceability performance of concrete.
This also proves the feasibility of MK as an alternate binder
material for combatting chloride attack in coastal/marine
concrete structures.

As discussed previously, there was a common agreement
across all past year studies, which proved that MK reduces
the workability performance of concrete. However, there
was a variation in the w/b ratios adopted in the experimental
investigations. Therefore, further research is needed to assess
the role a higher w/b ratio could play in improving the
workability performance of concrete containing MK. There
was also a notable disparity in the optimum MK content
level documented across all the past research studies. Hence,
future experimental investigations are required to determine
the definitive optimum content level, particle size distri-
bution, and chemical composition of MK for use as a feasible
supplementary cementitious material. Although extensive
research was undertaken to analyse the durability perfor-
mance of MK concrete, the authors also noted that the
relevant durability testing procedures were not conducted in
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accordance with the South African durability index tests.
Therefore, further experimental research is required to
determine the durability performance of concrete contain-
ing MK as an alternate binder material in the South African
setting.
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