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Abstract. Metakaolin (MK) is produced by the suitable thermal treatment of either
kaolin or paper sludge. MK can be used to modify some properties of Portland Cement
(PC). Many authors have studied the e�ects of blending PC with MK on durability
characteristics, and the current investigation focuses on a review of the e�ect of MK
on the durability of blended PC. A review on the resistance to abrasion, �re, freeze-
thaw, seawater, chloride-ion di�usion, carbonation, acid, sulfate, chloride, corrosion, creep,
shrinkage, Alkali-Silica Reaction (ASR) and near surface is presented. This overview can
be considered as a short guide for civil engineers.

c 2015 Sharif University of Technology. All rights reserved.

1. Introduction

Concrete is one of the most extensively used con-
struction materials in the world. Each year, the
concrete industry produces approximately 12 billion
tonnes of concrete and uses about 1.6 billion tonnes
of PC worldwide [1,2]. Indeed, with the manufacture
of one tonne of cement, approximately 0.8 tonnes
of CO2 are launched into the atmosphere [3]. The
cement industry accounts for 5-8% of worldwide CO2
emission [4]. Not only is CO2 released from cement
manufacture, but also SO2 and NOx, which can cause
the greenhouse e�ect and acid rain [3,5-7]. These fac-
tors have a serious environmental impact. In addition,
considerable amounts of virgin material (limestone and
sand) and energy (energy demand about 1700-1800
MJ/tonne clinker) [2,7-9] are consumed to produce
each tonne of PC; about 1.5 tonnes of raw material
are needed [2,3,7,8]. The cement industry accounts
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for the third largest use of energy, after that of
aluminium and steel manufacturing [10]. To reduce the
environmental impact of cement industries, MK and
other cementitious materials are used to replace part
of the cement [11-13] or as a source of new cementless
material. MK reacts chemically with hydrating cement
to form a modi�ed paste microstructure. In addition to
its positive environmental impact, MK also improves
concrete, mechanical properties and durability. The
term, MK pozzolan, refers to a siliceous material which,
in the presence of water, reacts chemically with calcium
hydroxide to form cementitious compounds.

The main sources of MK are either kaolin or paper
sludge, after suitable thermal treatment. The optimum
temperature for heating kaolin in order to obtain MK
with a high pozzolanic index is di�erent from one
researcher to another, and the heating period is also
still exactly undetermined. The optimum temperature
for heating kaolin to obtain MK may be in the range of
600�C to 850�C for periods ranging from 1 h to 12 h.
These di�erences may be related to the MK chemical
composition [9]. However, most researchers prefer to
use 700�C for 12 h to obtain MK from kaolin [9]. The
best calcination of paper sludge in order to obtain MK
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may be in the range of 600�C to 800�C in a heating
period ranging from 2 h to 5 h. Most researchers
report that optimal calcination conditions are given at
a temperature of 700�C for a period of 2 h [9]. However,
the calcination temperatures and calcination periods
required to obtain MK from kaolin or paper sludge are
completely covered, in comprehensive detail, in [9]. It
is worth mentioning that MK can also be obtained by
the calcination of indigenous lateritic soils [14].

The �rst documented used of MK was in 1962
when approximately 250,000 metric tonnes (227,000
tonnes) were incorporated in concrete used in the Jupia
Dam in Brazil [15] to improve its durability. Since
those days, the use of MK in cement, mortar and
concrete has increased signi�cantly. In recent years,
the utilization of calcined clay in the form of MK
as a pozzolan has received considerable interest, due
to its �lling e�ect as well as its pozzolanic reaction
with calcium hydroxide. MK reacts with portlandite
(CH) to form Calcium-Silicate-Hydrate (CSH) sup-
plementary to that produced by cement hydration.
The elimination of CH and excess CSH is the key
to increasing compressive strength and durability. In
addition, MK strongly inuences the pore structure in
the matrix by pore re�nement, leading to signi�cant
delays in the transport and di�usion rates of harmful
substances. Extensive research can be found in the
literature concerning the e�ect of MK on the early
age properties, and the mechanical strengths and dura-
bility of concrete/mortar/paste. Although there are
numerous numbers of review papers in the literature
regarding the use of MK as pozzolan for concrete [16],
using MK to produce green cement for construction
purposes [17] and the inuence of MK on the properties
of mortar and concrete [18], the electronic library still
needs more review publications. However, there is no
specialized published literature review paper reviewing
the previous works carried out on the durability of
PC modi�ed with MK that can fully serve civil en-
gineers. However, in this investigation, the author has
conducted a literature review focusing on the durability
of PC blended with MK, which includes: resistance to
abrasion, �re, freeze-thaw, seawater, chloride-ion dif-
fusion, carbonation, acid, sulfate, chloride, corrosion,
creep, shrinkage, Alkali-Silica Reaction (ASR) and near
surface.

2. Abrasion resistance

Rashad [19] partially replaced sand, in concrete, with
MK at levels of 0%, 10%, 20%, 30%, 40% and 50%,
by weight. Concrete specimens were subjected to
abrasion testing according to the Egyptian Standard
Speci�cation (ES: 269-2/2003) after 28, 91 and 500
days of hydration. The results showed an increase
in concrete abrasion resistance with increasing MK

Figure 1. Wear depth of concrete mixtures versus sand
replacement with MK [19].

Figure 2. X-ray patterns of concretes at 500 days
hydration [19].

Figure 3. SEM micrographs of fracture surfaces of
hardened MK0 and MK40 [19].

content as sand replacement up to 40%. A reduction
in abrasion resistance was then observed by replacing
50% sand with MK (Figure 1). The higher abrasion
resistance of concrete containing MK (up to 40%) was
related to the consumption of CH liberated from the
hydration of cement by the pozzolanic reaction of MK,
which led to the formation of additional amounts of
CSH and CASH production, as shown in Figure 2. In
addition, the microstructure of the hardened concrete
containing 40% MK as sand replacement displayed a
denser structure than the control sample (Figure 3).
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3. Fire resistance

Poon et al. [20] studied the performance of MK concrete
at elevated temperatures of 200, 400, 600 and 800�C,
for 1 h. Normal Strength Concrete (NSC) and High
Strength Concrete (HSC) incorporated with MK at lev-
els of 0%, 5%, 10% and 20%, by weight, were prepared.
The residual compressive strengths were measured and
compared with Silica Fume (SF), Fly Ash (FA) and
plain cement concrete. The results indicated that MK
concrete with 20% cement replacement gave higher
residual compressive strength, and 20% level of MK
seemed to be the best replacement level in both NSC
and HSC. They observed explosive spalling in both
NSC and HSC specimens, particularly between 450�C
and 500�C. As MK increased, the spalling increased.
The residual compressive strength of MK concrete was
higher than that of SF, FA and plain cement concretes
up to 400�C. Within the range of 400-800�C, MK
concrete su�ered more loss and possessed lower residual
strength than other concrete. MK concrete with a
5% replacement level showed better performance than
corresponding plain cement and SF concrete. Nadeem
et al. [21] studied the chord modulus and micro plastic
strain of concrete incorporated with MK at levels of
0%, 10% and 20% as cement replacement, by weight,
after exposure to 200, 300 and 400�C temperatures.
The results showed an increase in the residual chord
modulus and micro plastic strain by increasing MK
content. Nadeem et al. [22] studied the performance
of concrete with and without MK after exposure to
200, 400, 600 and 800�C temperatures. Cement was
partially replaced with MK at levels of 0% and 20%, by
weight. The results showed higher residual compressive
strength with the inclusion of MK. Nadeem et al. [23]
partially replaced cement, in concrete, with MK at
levels of 0%, 5%, 10% and 20%, by weight. The
specimens were exposed to 200, 400, 600 and 800�C
temperatures. The results showed that 20% MK
exhibited the highest compressive strength before and
after �ring.

Morsy et al. [24] studied the performance of
mortar with and without MK after exposure to elevated
temperatures of 200, 400, 600 and 800�C for 2 h.
Cement was partially replaced with MK at levels of
0%, 5%, 10%, 20% and 30%, by weight. The results
indicated that 20% MK content seemed to be more
favourable than other replacement levels, where it
gave the highest residual compressive strength after
exposure to elevated temperatures (Figure 4). The
replacement levels of 10% and 5% came in the second
and third place, respectively. The replacement level
of 30% gave lower residual compressive strength than
that of plain cement mortar. Morsy et al. [25] studied
the e�ect of elevated temperatures on the compressive
strength of mortars with binary and ternary cement

Figure 4. Residual compressive strength of control and
blended mortars with MK after exposure to elevated
temperature [24].

blends with MK and SF. The replacement levels were
0%, 5%, 10%, 15%, 20%, 25% and 30%, by weight.
They concluded that cement replacement, by 20%, of
an equal combination of MK and SF gave the best
control and residual compressive strengths. At a re-
placement level of 30%, the optimal combination of 5%
MK and 25% SF, which gave good control and residual
compressive strength, was obtained. In another inves-
tigation, Morsy et al. [26] studied the e�ect of elevated
temperatures of 200, 400, 600 and 800�C and thermal
shock resistance on the microstructure and mechanical
properties of blended cement paste incorporated with
MK and SF. The cement was partially replaced by
30% MK, then, MK was partially replaced with SF
at levels of 0%, 5%, 10% and 15%, by weight. They
concluded that cement replacement with 15% MK and
15% SF increased thermal shock resistance 20 times
higher than that of plain cement paste, and gave higher
�re resistance.

Seleem et al. [27] studied the e�ect of di�erent
kinds of cementitious material on the �re resistive prop-
erties of concrete. Four di�erent types of cementitious
material were incorporated into the concrete mixtures,
i.e. MK, SF, FA and ground granulated blast-furnace
slag (donated as slag). Each type was used in two
ratios; 10% and 20%, either in the form of cement
replacement or as an addition, without a�ecting the
cement content. They cast a total of 17 mixtures. For
all mixtures, compressive strength was evaluated after
28 days of water curing. The mixtures residual com-
pressive strength was also evaluated after exposure to
elevated temperatures of 200, 400, 600 and 800�C, for
3 h. The results indicated that 10% and 20% MK ad-
ditions were more e�ective than 10% and 20% replace-
ments in resisting elevated temperatures, whilst 10%
and 20% replacements exhibited higher residual com-
pressive strength in comparison with control mixtures
(Figures 5 and 6). The residual compressive strength
of di�erent mixtures follow the order of 20% addition>
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Figure 5. Heat strength pro�le: case of 10% replacement
with MK and other cementitious materials [27].

Figure 6. Heat strength pro�le: case of 10% addition
with MK and other cementitious materials [27].

10% addition> 10% replacement> 20% replacement>
reference. However, Table 1 summarizes previous
research into the e�ect of MK on �re resistance.

From the above review of the literature in this
section, it can be noted that the inclusion of MK
increased the �re resistance of the cement matrix.
As reported by Seleem et al. [27], the e�ciency of
MK as a pozzolan is well recognized as the CH

amount is reduced. The reduction in CH quantity is
acknowledged for strength and �re resistance. The
mineral, calcium aluminates, is presented in the MK
matrix, which is not present in the control sample. In
addition, the re-crystallization of new compounds from
existing materials shares in maintaining a reasonable
level of strength after heating well above that of
the control samples. The newly formed phases are
calcium aluminates (CAH10), calcium silicates (C2SH
and C3S2H3) and calcium aluminosilicates (CAS2H4).
These phases are known for their refractoriness and,
therefore, the higher thermal endurance of the cement
blended with MK can easily be understood. However,
the inclusion of 20% MK seems to be the most e�ective
amount required for good �re resistance.

4. Freeze-thaw

Caldarone et al. [28] processed 300 cycles of freezing
and thawing under water saturated conditions on plain
cement concrete and cement concrete modi�ed with
either high-reactive MK (HRK) or SF. The incorpora-
tions of HRK or SF were 5% and 10%. They concluded
that all mixtures exhibited high freeze-thaw durability.
Vejmelkov�a et al. [29] partially replaced cement, in
concrete, with 10% MK. They reported that the frost
resistance of MK concrete was better than that of plain
cement concrete. Duna et al. [30] reported the higher
freeze-thaw resistance of concrete containing 10% MK
as cement replacement, by weight. Vegas et al. [31]
studied the frost (freeze-thaw) resistance of blended ce-
ment mortars incorporated with calcined paper sludge
(source of MK) as partial cement replacement at levels
of 0%, 10% and 20%, by weight. The results indicated
that after 28 and 62 freezing and thawing cycles,
cement blended with 10% and 20% calcined paper
sludge exhibited a smaller reduction in compressive
strength than that of the control cement. The failure
of blended cement mortar with 20% calcined paper
sludge occurred after 100 cycles, whilst pure cement
mortar failure occurred after 40 cycles only (Figure 7).

Table 1. E�ect of MK on �re resistance.

Author Increased �re
resistance

Decreased �re
resistance

Optimum
replacement

Notes

Poon et al. [20]
p

20% Up to 400�C
Poon et al. [20]

p
400� 800�C

Nadeem et al. [21]
p

10, 20% Up to 400�C
Nadeem et al. [22,23]

p
20% Up to 800�C

Morsy et al. [24]
p

20% Up to 800�C
Morsy et al. [25]

p
10% MK +10% SF Up to 800�C

Morsy et al, [26]
p

15% MK + 15% SF Up to 800�C
Seleem et al [27]

p
10% replacement > 20% replacement Up to 800�C

Seleem et al. [27]
p

20% addition > 10% addition Up to 800�C
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Figure 7. Compressive strength of cement mortars after
0, 28, 62 and > 100 freeze-thaw cycles [31].

Hassan et al. [32] studied the freeze-thaw resistance
of SCCs incorporated with MK. Cement was partially
replaced with MK at levels of 0%, 5%, 8%, 11%, 15%,
20% and 25%, by weight. The results indicated that
MK improved freeze-thaw resistance. As MK content
increased, freeze-thaw resistance increased as well. The
optimum content of MK was 20%. Other authors [33]
also reported that the addition of MK enhanced the
resistance of concrete to freezing and thawing. Table 2
summarizes previous research regarding the e�ect of
MK on freeze-thaw resistance.

From the above review of the literature in this
section, it can be noted that the inclusion of MK in-
creases the freeze-thaw resistance of the cement matrix.
This improvement was related to the higher re�nement
of pore structure caused by MK [31]. Vejmelkov�a et
al. [29] believed that the higher freeze-thaw resistance

Figure 8. Pore size distribution [29].

of the cement matrix blended with MK was related
to lower total pore volume in the past measured by
Mercury Intrusion Porosimetry (MIP), compared to
the control (Figure 8). This reduction in total pore
volume due to the inclusion of MK was also reported
by other authors [34-36]. However, the inclusion of 20%
MK seems to be the most e�ective amount required for
good freeze-thaw resistance.

5. Seawater resistance

Seleem et al. [37] investigated the seawater resistance
of concrete incorporated with MK, slag and SF, as an
addition to cement, in binary and ternary combinations
(Table 3). The Strength Deterioration Ratio (SDR)

Table 2. E�ect of MK on freeze-thaw resistance.

Author Increased freeze-thaw
resistance

Replacement
level (%)

Notes

Caldarone et al. [28]
p

0, 5 and 10
Vejmelkov�a et al. [29]

p
0 and 10

Duna et al. [30]
p

0 and 10
Vegas et al. [31]

p
0, 10 and 20 20% MK content optimum

Hassan et al. [32]
p

0, 5, 8, 11, 15, 20 and 25 20% MK content optimum

Table 3. Investigated concrete mixtures [37].

Ingredients/m3

Mixture CA1/sand
ratio

Cement
(kg)

MK
(kg)

SF
(kg)

Slag
(kg)

Water
(litter)

HRWR2

Mc 1.5 400 { { { 128 0.02
Mk

1.5 400
80 { {

153.6 0.02Mf { 80 {
Mgs { { 80
Mk-f

1.5 400
80 80 {

179 0.02Mk-gs 80 { 80
Mf-gs { 80 80

1: CA: Bazalt coarse aggregate to sand, by weight; 2: Dosage of HRWR was 0.02 from total binder materials.
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Figure 9. Compressive strength after exposure to
seawater of plain PC concrete and concretes containing
MK and other cementitious materials [37].

was determined after 3, 6 and 12 months exposure to
synthetic seawater. They reported that MK enhanced
the resistance of concrete against seawater attack.
The SDR for the binary combination of cement-MK
concrete was 5.35%, 5.93% and 8.58% after exposure
to seawater attack for 3, 6 and 12 months, respectively.
On the other hand, the SDR for plain cement concrete
was 10.42%, 11.27% and 19.1% after exposure to 3, 6
and 12 months, respectively. The SDR of the ternary
combination of cement-SF-MK concrete was 6.18%,
5.73% and 9.155% after exposure for 3, 6 and 12
months, respectively. Finally, the SDR of the ternary
combination of cement-slag-MK concrete was 6.34%,
6.05% and 7.08% after exposure for 3, 6 and 12 months,
respectively (Figure 9).

6. Chloride-ion di�usion and permeability

Valipour et al. [38] reported that the inclusion of 5%
MK, in concrete, as cement replacement, by weight,
reduced chloride ingress in concrete. Wang et al. [39]
reported that 8% MK, as cement replacement, in
concrete reduced the total charge passed compared to
the control. Duna et al. [30] reported that the inclusion
of 10% MK in concrete as cement replacement showed a
lower chloride migration coe�cient than plain concrete.
Kostuch et al. [40] demonstrated that MK is particu-
larly e�ective in reducing the rate of di�usion of sodium
and chloride ions. The di�usion coe�cient was reduced
by approximately 50% when 8% MK was added to
the concrete mixtures [41]. The chloride permeability
of the MK mixture, measured according to ASTM C
1202, was much lower than that of plain concrete [42].
Caldarone et al. [43] compared the rapid chloride
permeability, in compliance with ASTM C1202 (i.e.
expressed as the total charge passed in Coulombs), of
plain cement concrete and cement concrete containing
10% of either HRK or SF, after 56 days of moist curing.
They showed that the chloride permeability of the HRK
mixture was much lower than the control and slightly

lower than SF concrete. Zhang and Malhotra [42]
measured the resistance to chloride penetration of PC
concrete and PC-10% MK concrete. The w/b ratio was
0.4. The specimens were moist-cured for 28 and 91
days prior to being subjected to electrical conductivity
measurements in compliance with the ASTM C1202
test. The PC-MK concrete showed a signi�cantly lower
conductivity value than that of PC concrete. Asbridge
et al. [44] partially replaced cement in mortars with MK
at levels of 0% and 10% MK, by weight. The di�usion
kinetics of chloride ions was studied. They monitored
chloride di�usion under both steady and non-steady
state conditions, and concluded that MK reduced the
rate of chloride di�usion through the hydrated cement
matrix and tended to enhance resistance to chloride
transportation of interfacial transition zone material
within the mortar.

McPolin et al. [45] studied the ingress of chloride
during a 48-week cyclic wetting and drying regime into
concrete incorporated with MK. Cement was partially
replaced with MK at levels of 0% and 10%. A �xed
w/b ratio of 0.5 was used. They reported that MK
concrete could resist chloride ingress better than that of
plain cement concrete. Abdul Razak et al. [46] reported
a reduction in initial surface absorption and water
absorption of concrete incorporated with 10% MK as
cement replacement, by weight. Parande et al. [47]
studied the coe�cient of water absorption of mortar in-
corporated with MK at levels of 0%, 5%, 10%, 15% and
20%, by weight. The results showed a reduction in the
coe�cient of water absorption with the incorporation
of MK at levels of 5%, 10% and 15%. On the contrary,
the incorporation of 20% showed an increase in the
coe�cient of water absorption in comparison with the
control sample. The incorporation of 10% MK showed
the lowest coe�cient of water absorption, followed by
5% and 15%, respectively. Valipour et al. [48] studied
the water absorption gas permeability and chloride
di�usion of concrete incorporated with MK at levels of
0%, 5%, 7.5% and 10%, by weight. The results showed
a reduction in water absorption, gas permeability and
chloride penetration with the inclusion of MK. The
inclusion of 10% MK showed the optimum content.

Thomas et al. [41] demonstrated that the di�usion
coe�cient reduced by approximately 50% for 8% MK
and by approximately 60% for 12% MK. Boddy et
al. [49] studied the long-term chloride penetration resis-
tance of concrete incorporated with HRK. The cement
was partially replaced with HRK at levels of 0%, 8%
and 12%, by weight. Various w/b ratios of 0.3 and 0.4
with various dosages of superplasticizer (SP) were used.
They found that higher HRK content and lower w/b
decreased di�usion, permeability and conductivity, and
increased resistivity. Resistance to chloride migration
increased with increasing HRK content and decreasing
w/b ratio. The long-term bulk di�usion test showed a
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continued improvement in chloride resistance. Gruber
et al. [50] concluded that the use of 8% and 12%
HRK signi�cantly lowered the chloride ion di�usion
coe�cient of concrete. The level of reduction compared
to control specimens was about 50% and 60% for
mixtures with 8% and 12% HRK, respectively. Courard
et al. [51] studied transport properties and chemical
behavior analyzed by means of chloride di�usion and
surface immersion for MK mortar. Cement was par-
tially replaced with MK at levels of 0%, 5%, 10%, 15%
and 20%, by weight. They reported that MK reduced
the chloride di�usion. The optimum replacement level
was between 10% and 15%, which gave lower chloride
di�usion. No di�usion was observed at 20% cement
replacement after one year testing. Ding and Li [52]
studied the chloride di�usivity of concrete when cement
was partially replaced with MK. A �xed w/b ratio
of 0.35 was used with various dosages of retardant.
Cement was partially replaced with 0%, 5%, 10% and
15%, by weight. The results indicated that 15% MK
had a signi�cant improvement on chloride resistance,
whilst 5% MK had also some improvement in chloride
resistance. 15% replacement of MK reduced chloride
concentration by approximately 55% after 43 days of
di�usion. Shekarchi et al. [53] studied the chloride
ingress of plain cement concrete and MK concretes.
Cement was partially replaced with MK at levels of
5%, 10% and 15%, by weight. A �xed w/b ratio of
0.38 was used with various dosages of SP. The results
showed that ionic di�usion was improved up to 47%
at a 15% replacement level, whilst gas permeability
and water absorption had improvements up to 50% and
37%, respectively.

G�uneyisi et al. [54] studied chloride ion perme-
ability, the water permeability of plain cement SCC,
and blended cement SCCs. Cement was partially
replaced with MK, FA and slag in binary, ternary
and quaternary blends. In binary blends, cement was
partially replaced with MK at levels of 0%, 5%, 10%
and 15%, by weight. A �xed w/b ratio of 0.32 was
used with various dosages of HRWR. They reported
that the use of MK appeared to be the most e�ective
in reducing chloride ion permeability. 15% MK in the
binary blends gave the lowest chloride ion permeability.
G�uneyisi et al. [55] investigated the gas permeability of
plain and blended cement concrete incorporated with
MK. The replacement levels were 0%, 5% and 15%, by
weight. Two di�erent w/b ratios of 0.25 and 0.35 were
used with various dosages of SP. They concluded that
the increase in the amounts of MK sharply decreased
apparent gas permeability coe�cients. MK15 at a w/b
ratio of 0.25 gave the lowest apparent gas permeability
coe�cient. Ramezanianpour and Jovein [56] partially
replaced cement, in concrete, with MK at levels of 0%,
10%, 12.5% and 15%, by weight. Various w/b ratios
of 0.35, 0.4 and 0.5 were used. The polycarboxylic

acid-based SP was employed to achieve the desired
workability. They studied Rapid Chloride Permeability
Testing (RCPT) at ages of 7, 28, 90 and 180 days. The
results showed that using MK signi�cantly enhanced
resistance to RCPT compared to plain cement con-
crete. This improvement increased with increasing MK
content. Also, lower w/b ratio enhanced resistance to
RCPT. Karahan et al. [57] studied the RCPT of Self-
Consolidating Lightweight Concrete (SCLC). Cement
and FA contents were 450 kg/m3 and 150 kg/m3,
respectively. MK was incorporated at levels of 0%,
20%, 40% and 60%, by weight of FA. These indicated
four mixtures incorporated with 0%, 5%, 10% and
15% MK content as a partial binder replacement.
The results indicated that the increase in MK con-
tent signi�cantly a�ected the chloride ion penetration
resistance of SCLC. The chloride ion penetration of
SCLC mixtures with 10% and 15% MK content was
`very low' compared to the `low' of SCLC (0% and 5%
MK content). Dinakar et al. [58] partially replaced
cement, in concrete, with MK, at levels of 0%, 5%,
10% and 15%, by weight. A �xed w/b ratio of 0.3 and
various dosages of SP were used. The results showed
lower water permeability with the inclusion of MK.
Permeability decreased with increasing MK content.

Basheer et al. [59] partially replaced 10% and
20% of cement with MK, in concrete, to decrease the
chloride ion penetration. Also, they used other cemen-
titious materials as binary and ternary cement blends
in concrete. They concluded that the best performance
of resistance to chloride penetration was found to be
with slag and MK, both of which largely prevented
the penetration of chloride beyond 20 mm. Cement
blended with PFA and MK provided an improvement.
Poon et al. [60] studied the chloride penetrability of
plain cement concrete and concretes incorporated with
MK, at levels of 5%, 10% and 20%, by weight. Various
w/b ratios of 0.3 and 0.5 were used. At 0.3 w/b ratio,
various dosages of SP were employed. The results
of chloride penetration tests, expressed as the total
charge passed in Coulombs, correlated better with MIP.
They concluded that MK concrete prepared with a
w/b ratio of 0.3 had lower MIP. The higher the MK
content, the lower was the porosity. G�uneyisi and
Mermerda�s [61] evaluated the e�ectiveness of MK in
enhancing the strength and permeation properties of
concrete. MK was used to replace 10% and 20% of
cement, by weight, at w/b ratios of 0.35 and 0.55
under two curing conditions (water and air curing).
The results indicated that the inclusion of MK greatly
reduced the chloride permeability of concrete in varying
magnitudes. Chloride permeability in air curing con-
crete was higher than that of water curing concrete.
As MK increased in concrete with a lower w/b ratio,
chloride permeability decreased.

Badogiannis and Tsivilis [62] partially replaced
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either cement or sand with MK, produced from cal-
cination of kaolin at 650�C for 3 h, in HPCs. The
replacement levels were 0%, 10% and 20%, by weight.
Resistance of HPC to chloride penetration was studied.
They reported that MK concrete exhibited signi�cantly
lower chloride permeability. Zeljkovic [63] studied the
RCPT for plain and MK cement concrete at ages of
28, 56 and 119 days and 1 year. Cement was partially
replaced with MK at levels of 10%, 15% and 20%,
by weight. A �xed w/b ratio of 0.4 was used. The
results showed a reduction in the chloride di�usion
transport properties in MK concrete by a factor up
to 5 times versus plain cement concrete. The optimum
cement replacement was 20%. Rashad [64] studied the
chloride ion permeability of plain and blended cement
concrete. Cement was partially replaced with MK at
levels of 0%, 5%, 10%, 15% and 20%, by weight. A
�xed w/b ratio was used. The results showed that MK
improved chloride penetration resistance compared to
plain cement concrete. The chloride penetration resis-
tance increased with increasing MK content. Hassan
et al. [32] studied the RCPT of SCCs. Cement was
partially replaced with MK at levels of 0%, 5%, 8%,
11%, 15%, 20% and 25%, by weight. A �xed w/b
ratio of 0.4 was used with various dosages of HRWR.
They concluded that MK was very e�ective in reducing
chloride ion penetration. Partially replacing cement
with 20% MK reduced the total charge of the control
mixture by 89%. The total charge decreased as the MK
content increased up to 20%, then, increased slightly at
25% MK content. Geso�glu et al. [65] studied the gas,
water, and chloride permeability of concrete containing
high reactivity MK, as cement replacements at levels
of 0%, 5%, 10%, 15% and 20%, by weight. A �xed
w/b ratio and various dosages of superplasticizer were
employed. They reported that the inclusion of MK
in concrete provided noticeable enhancement in gas
permeability, in which MK reduced gas permeability
coe�cients. The water penetration depth dropped to
38%, at an age of 90 days, with the inclusion of 20%
MK. The inclusion of MK had a signi�cant e�ect on
the improvement of chloride resistance of concrete. The
inclusion of 20% MK showed the optimum content.

Ghorpade and Rao [66] studied the chloride ion
permeability of MK HPCs. Cement was partially
replaced with MK at levels of 0%, 10%, 20% and 30%,
by weight. Various w/b ratios of 0.3, 0.35, 0.4, 0.45
and 0.5, with �xed dosage of SP of 2.5%, by weight
of binder, were used. The chloride ion permeability
results showed a reduction in its value, considerably,
with the increase in MK content from 0% to 30%; thus,
indicating improvements in durability with the increase
in MK content. Govindarajan and Gopalakrishnan [67]
studied the porosity and water absorption of MK
cement admixtured with distilled water, ground water
and seawater. Cement was partially replaced with MK

at levels of 0%, 10%, 20% and 30%, by weight. A
�xed w/b ration of 0.4 was used. The results showed
a progressive reduction in water absorption, water
absorption coe�cient and porosity with increasing
MK content. Kannan and Ganesan [68] studied the
percentage of water absorption of mortar incorporated
with 0%, 5%, 10%, 15%, 20%, 25% and 30% MK, as
cement replacement, by weight. The results showed
a slightly higher percentage of water absorption with
the inclusion of 5% MK. Kannan and Ganesan [69]
studied the percentage of water absorption of SCCs
incorporated with 0%, 5%, 10%, 15%, 20%, 25% and
30% MK, as cement replacement, by weight. The
results showed a reduction in the percentage of water
absorption with the inclusion of MK. The percentage
of water absorption decreased with increasing MK
content. On the contrary, the percentage of water
absorption decreased with increasing MK content by
more than 5%. On the other hand, Cassagnab�ere et
al. [70] reported higher total water absorption value of
concrete containing 25% MK, as cement replacement,
by weight, compared to the control sample. Bai et
al. [71] reported that a signi�cant reduction in the
chloride penetration depth was recorded when cement
was partially replaced with MK in concrete exposed
to seawater. Table 4 summarizes previous research
regarding the e�ect of MK on chloride-ion di�usion,
permeability and water absorption.

From the above review of the literature in this
section, it can be noted that the inclusion of MK
reduced chloride ion permeability, total charge and
the water absorption of the cement matrix. Wang et
al. [39] attributed the reduction in the total charge
passed in MK concrete, compared to the control, to the
fact that �ne particles of MK easily �lled the pores of
concrete. At the same time, the pozzolanic reaction
of MK with CH results in more compact hydration
products. Asbridge et al. [44] related the reduction
in chloride ions to the greater reaction between MK
and CH that produced more �nely dispersed prod-
ucts of the pozzolanic reaction; thus, increasing the
di�usion path tortuosity and further limiting chloride
ingress. Bai et al. [71] reported that, due to the
formation of the pozzolanic reaction products within
the capillary pore spaces, in addition to an increase
in the binding capacity of the paste, the pore system
became �ner and more segmented. Thus, the e�ect of
chloride di�usivity dropped sharply. Poon et al. [60]
reported that cement blended with MK in concrete
has lower MIP porosity and smaller pore diameters
than the control sample, which correlated low chloride
penetration, expressed as the total charge passed in
Coulombs. G�uneyisi and Mermerda�s [61] related the
reduction in chloride penetration in cement blended
with MK to the reduction in the chloride penetration
coe�cient (K). However, the optimum content of MK
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Table 4. Reduction in chloride-ion di�usion, permeability and water absorption due to the inclusion of MK.

Author Replacement
level (%)

Optimum MK
level (%)

Valipour et al. [38] 0 and 5
Wang et al. [39] 0 and 8
Duna et al. [30] 0 and 10

Caldarone et al. [43] 0 and 10
Zhang and Malhotra [42] 0 and 10

Asbridge et al. [44] 0 and 10
McPolin et al. [45] 0 and 10

Abdul Razak et al. [46] 0 and 10
Parande et al. [47] 0, 5, 10, 15 and 20 10
Valipour et al. [48] 0, 5 and 10 10
Thomas et al. [41] 0, 5 and 12 12
Boddy et al. [49] 0, 8 and 12 12
Gruber et al. [50] 0, 8 and 12 12
Courard et al. [51] 0, 10, 15 and 20 10-15 and 20 after 1 year
Ding and Li [52] 0, 5, 10 and 15 15

Shekarchi et al. [53] 0, 5, 10 and 15 15
G�uneyisi et al. [54] 0, 5, 10 and 15 15
G�uneyisi et al. [55] 0, 5, 10 and 15 15

Ramezanianpour and Jovein, [56] 0, 10, 12.5 and 15 15
Karahan et al. [57] 0, 5, 10 and 15 15
Dinakar et al.[58] 0, 5, 10 and 15 15
Basheer et al. [59] 0, 10 and 20 20

Poon et al. [60] 0, 5, 10 and 20 20
G�uneyisi and Mermerda�s [61] 0, 10 and 20 20
Badogiannis and Tsivilis [62] 0, 10 and 20 20

Zeljkovic [63] 0, 10, 15 and 20 20
Rashad [64] 0, 10, 15 and 20 20

Geso�glu et al. [65] 0, 10, 15 and 20 20
Hassan et al. [33] 0, 5, 8, 11, 15, 20 and 25 20

Ghorpade and Rao [66] 0, 10, 20 and 30 30
Govindarajan and Gopalakrishnan, [67] 0, 10, 20 and 30 30

Kannan and Ganesan [68] 0, 5, 10, 15, 20, 25 and 30 30
Kannan and Ganesan [59] 0, 5, 10, 15, 20, 25 and 30 30

that exhibited the lowest chloride ion permeability,
total charge and water absorption seemed to be 20%,
followed by 15%, 12% and 10% or 30%, respectively, as
shown in Figure 10.

7. Carbonation resistance

Jones et al. [72] studied the development of the car-
bonation depth of hardened concrete up to 2 years
using a modi�ed version of the draft CEN test method.
There were 10 di�erent concrete mixtures incorporated
with plain PC, PC/30% PFA, PC/40, 50 and 65%

slag, PC/10, 15 and 20% MK and PC/10 and 15%
SF. The results indicated that the carbonation depth
increased with increasing MK content. Following
this trend, McPolin et al. [73] exposed plain cement
concrete, and concrete incorporated with 30% PFA,
50% slag, 10% MK and 10% microsilica (MS), to an
accelerated carbonating environment (5% CO2) for 6
weeks. The rate of carbonation after 6 weeks exposure
indicated that plain cement concrete performed better
than concrete containing supplementary cementitious
materials.

Duan et al. [30,74] partially replaced cement with
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Figure 10. Research numbers versus optimum MK
content which showed the lowest chloride-ion di�usion,
permeability and water absorption.

MK, in concrete, at levels of 0% and 10%, by weight.
They studied the carbonation resistance of concrete.
The results showed higher carbonation depth in plain
cement concrete than in MK concrete. McPolin et
al. [45] studied various cementitious blended cement
mortars exposed to carbon dioxide-rich environment
(5% CO2) to accelerate carbonation up to 10 weeks.
The cementitious materials were PFA, slag, MK, and
MS. PC was employed as a control. In MK mortar,
cement was partially replaced with 10% MK. They used
various test methods to assess carbonation resistance.
The results indicated that the use of MS decreased
the carbonation rate, whilst PFA and slag had a
detrimental e�ect on carbonation. MK had little e�ect
on carbonation, whereas carbonation depth slightly
decreased. Table 5 summarizes previous research
regarding the e�ect of MK on carbonation depth.

8. Acid resistance

Roy et al. [75] studied the e�ects of aggressive chemical
environmental conditions on mortars prepared with
plain cement and SF/MK/low-calcium FA blends at
various replacement levels. The aggressive chemical
environmental conditions were 1% sulfuric acid, 5%
sulfuric acid, 1% hydrochloric acid, 1% nitric acid, 5%

acetic acid and 5% phosphoric acid. The mortars were
immersed in these aggressive chemical environments
for 28 days. The results indicated that substitution of
SF, MK, and FA has been shown to increase chemical
resistance compared to plain cement. Mortars were
relatively less a�ected by 1% hydrochloric acid, 1%
sulfuric acid and 1% nitric acid environments, but
showed poor resistance to 5% sulfuric acid, 5% acetic
acid and 5% phosphoric acid environments. Chemical
resistance increased in the order of SF to MK to FA,
and decreased as the replacement level increased from
0-10 wt.% to 15-30 wt.%. Daczko et al. [76] argued
that using 8% MK as a partial cement replacement, by
weight, provided little contribution to the resistance
of concrete to sulphuric acid attack, and attempted to
relate such e�ects to mechanical and physical changes
imparted by MK.

Hewayde et al. [77] incorporated MK at levels of
2%, 4%, 6%, 8%, 10% and 15%, by weight, to enhance
the resistance of concrete made with Type 50E cement
to chemical sulphuric acid attack. A �xed w/b ratio of
0.35 was used. Concrete specimens were immersed in
sulphuric acid solutions, having concentrations of 3%
and 7%, by volume, for 8 weeks. The results indicated
that MK reduced the mass loss of concrete specimens
immersed in H2SO4 solutions, having concentrations
of 3% and 7%, by 25% and 38%, respectively. Said-
Mansour et al. [78] incorporated MK at levels of 0%,
10%, 20% and 30% substituted for cement in mortar,
by weight. Resistance to acid attacks was conducted
on mortar specimens by immersion in two solutions of
1% HCl and 2.5% H2SO4 for a period of 32 weeks.
They concluded that the resistance of mortar to acid
attack was higher for MK cement mixtures than the
control sample; as MK content increased, the resistance
of mortar to acid attack increased (Figure 11). Rao
et al. [79] incorporated MK at levels of 0% and 10%
substituted for cement in concrete, by weight. Concrete
specimens were immersed in 5% concentration of HCl
and H2SO4 for 30, 60 and 90 days. The results showed
higher resistance of MK concrete to HCl and H2SO4,
in comparison with the control concrete. Kannan
and Ganesan [69] incorporated MK at levels of 0%,

Table 5. E�ect of MK on carbonation depth.

Author
Increased

carbonation
depth

Decreased
carbonation

depth

Replacement
level
(%)

Notes

Jones et al. [72]
p

0, 10, 15 and 20 Carbonation increased with
increasing MK content

McPolin et al. [73]
p

0 and 10

Duan et al. [30,74]
p

0 and 10

McPolin et al. [45]
p

0 and 10 Carbonation slightly
decreased
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Figure 11. E�ect of MK on weight loss of mortar
specimens immersed in 2.5% H2SO4 [78].

5%, 10%, 15%, 20%, 25% and 30% substituted for
cement in SCCs, by weight. After curing for 28 days,
concrete specimens were immersed in either 5% H2SO4
or HCl for 12 weeks. The results showed that 5% MK
exhibited the highest resistance of H2SO4, whilst 20%
MK exhibited the highest resistance to HCl.

From the above review of the literature in this sec-
tion, it can be noted that the inclusion of MK increased
the acid resistance of the cement matrix. The positive
e�ect of MK could be attributed to the creation
of calcium aluminate hydrates (C2ASH8, C4AH13,
C3AH6) in the blended cement with MK [77,78], which
are believed to be more chemically stable in highly
acidic environments than calcium silicate hydrates [77].
High alumina cement and calcium aluminate cement
are known to improve the resistance of concrete to
sulfuric acid attack, possibly due to the high content
of aluminates in these cements [80].

9. Sulfate and chloride resistance

9.1. Magnesium sulfate resistance
Lee et al. [81] studied the magnesium sulfate resis-
tance of mortar specimens incorporated with MK at
levels of 0%, 5%, 10% and 15%, by weight. The
sulfate concentrations were 0.42% (3380 ppm of SO2�

4 ),
1.27% and 4.24%. The specimens were immersed
in a magnesium sulfate solution for 360 days. The
results con�rmed that mortar specimens with high
replacement level of MK showed lower resistance to
higher sulfate concentration of magnesium solution
(Figure 12). Gon�calves et al. [82] studied magnesium
sulfate resistance, up to 200 days, of mortar specimens
incorporated with MK at levels of 0%, 10% and 20%,
by weight. Sulfate concentration was 5%. The results
indicated that the MK level increased as the reduction
in CH increased. The higher content of MK, the more
severe the magnesium sulfate attack. On the contrary,
Skaropoulou et al. [83] reported that the use of 10% MK
as limestone cement replacement in concrete improved

Figure 12. E�ect of magnesium sulfate solution
concentrations and MK replacement levels on the
reduction in the compressive strength of mortar specimens
[81].

the resistance of the limestone cement concrete against
sulfate attack. Rao et al. [79] incorporated MK at levels
of 0% and 10% substituted for cement, by weight. Con-
crete specimens were immersed in 5% concentration of
magnesium sulfate for 30, 60 and 90 days. The results
showed an increase in the magnesium sulfate resistance
of concrete with the inclusion of MK. Behfarnia and
Farshadfar [84] studied magnesium sulfate resistance,
up to 9 months, of SCCs incorporated with MK at
levels of 0%, 5%, 10% and 15%, by weight. The
sulfate concentrations were 5% and 10%. The results
showed an increase in the magnesium sulfate resistance
of concrete with increasing MK content. Table 6
summarizes the e�ect of MK on magnesium sulfate
resistance.

From the above review of the literature in this
section, it can be noted that there are conicting re-
ports about the e�ect of MK on the magnesium sulfate
of the cement matrix. Some authors [81,82] believe
that MK has an adverse impact on the cement matrix
exposed to magnesium sulfate. They report that the
negative e�ect of MK on magnesium sulfate resistance
is partially attributed to the formation of gypsum
but not ettringite and thaumasite. The reduction of
calcium hydroxide and the increase of secondary CSH
in the cement matrix due to the pozzolanic reaction of
MK provided an opportunity to lead to the conversion
of primary and secondary CSH gel into Magnesium
Silicate Hydrate (MSH) gel [81]. On the same line
with this, Gon�calves et al. [82] reported that this
reduction in resistance occurred due to dissolution of
calcium and hydroxyl ions from the system, leading to
a possible decrease in the alkalinity of the medium and
to the formation of potential expansive compounds,
such as ettringite or gypsum. On the contrary, other
authors [79,83,84] believe that the inclusion of MK
in the cement matrix increases magnesium sulfate

www.SID.ir
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Table 6. E�ect of MK on magnesium sulfate resistance.

Author

Increased
magnesium

sulfate
resistance

Decreased
magnesium

sulfate
resistance

Replacement
level
(%)

Notes

Lee et al. [81]
p

0, 10 and 15
Magnesium sulfate

resistance decreased with
increasing MK content

Gon�calves et al. [82]
p

0, 10 and 20
Magnesium sulfate resistance

decreased with increasing
MK content

Skaropoulou et al. [83]
p

0 and 10
Rao et al. [79]

p
0 and 10

Behfarnia and Farshadfar [84]
p

0, 5, 10 and 15
Magnesium sulfate resistance

increased with increasing
MK content

resistance, in which MK seemed to have the ability to
withstand thaumasite [83]. On the same line with this,
Behfarnia and Farshadfar [84] related the increase in
magnesium sulfate resistance, due to the inclusion of
MK, to the low intensity of Ca associated with the
paste containing MK. It is inferred that formation of
thaumasite and ettringite did not occur in samples
containing MK. The EDS showed that the amount
of Mg was about zero, which represented the lack of
brucite and MSH.

9.2. Sodium sulfate resistance
Khatib and Wild [85] studied the resistance of MK
mortar to sodium sulfate solution. Cement was par-
tially replaced with MK at levels of 0%, 5%, 10%,
15%, 20% and 25%, by weight. They observed that
the expansion of the mortar decreased as the MK
content increased, and sulfate resistance increased as
the replacement level of cement by MK increased, up
to 25%. After exposure to sodium sulfate solution,
there was signi�cant strength loss of cement mortar
and mortar with low levels of MK (5% and 10%); for
mortar with high levels of MK (15%, 20% and 25%),
there was consistent strength gain. Courard et al. [51]
measured sulfate resistance in a procedure similar to
the mortar bar method described in ASTM C1012.
Cement was partially replaced with MK at levels of 0%,
5%, 10%, 15% and 20%, by weight. The results showed
that plain cement mortar prisms experienced expansion
after only a few days of exposure to sodium sulfate.
After 84 days, the variation in length was 3.7%. On
the contrary, prisms incorporated with 10% MK shrank
initially and then did not change length signi�cantly in
either direction for the duration of the test (1 year).
The optimum MK replacement level was between 10%
and 20%.

Al-Akhras [86] studied the e�ect of 5% sodium

Figure 13. E�ect of MK replacement level on the
variation of sodium sulfate expansion with sulfate
exposure period at w/b ratio of 0.5 [86].

sulfate attack, up to 18 months, on plain cement and
MK blended cement concrete. Cement was partially
replaced by MK at levels of 0%, 5%, 10% and 15%, by
weight. Various w/b ratios of 0.5 and 0.6 were used
with various dosages of SP. The expansion of concrete
and reduction in compressive strength were evaluated.
The results indicated that MK increased the sulfate
resistance of concrete, as well as decreased concrete
expansion (Figure 13). The sulfate resistance of MK
concrete increased with increasing MK content. MK
concrete with lower w/b ratio provided higher sulfate
resistance and lower concrete expansion. The results
indicated that 10% and 15% MK showed excellent
durability to sulfate attack. G�uneyisi et al. [54] studied
the e�ectiveness of MK on the improved concrete
durability to 10% sulfate attack. The experimental
parameters were MK replacement levels (0%, 5%, 10%,
15% and 20%), w/b ratios (0.35 and 0.55), initial curing
conditions (air curing or water curing) and the type of
sulfate regimes (continuous or drying-immersion cyclic
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exposures). The drying-immersion cycle was repeated
every 10 days. The tests were conducted at speci�ed
periods up to 365 days. They concluded that using MK
was found to be remarkably e�cient in preventing ex-
cessive reduction in compressive strength due to sulfate
attack, especially at 20% replacement, and concrete
subjected to initial water curing appeared to be much
more resistant to sulfate than that subjected to initial
air curing. Cyclic sulfate exposure increased the sever-
ity of damage to the concrete, but the inclusion of MK
reduced this harmful e�ect. The concrete with high
w/b ratio was more susceptible to deterioration from
aggressive sulfate ions. Sotiriadis et al. [87] reported
that the use of 10% MK as limestone cement replace-
ment retarded and inhibited concrete deterioration
due to sodium sulfate. Ramlochan and Thomas [88]
reported that mortar specimens incorporated with MK
at levels higher than 15% exhibited good resistance to
5% sodium sulfate solution. Irassar [89] reported that
the use of mineral admixtures such as metakaolin in
blended cement improved its sulfate resistance. Table 7
summarizes the previous research regarding the e�ect
of MK on sodium sulfate resistance.

From the above review of the literature in this
section, it can be noted that the inclusion of MK
increased the sodium sulfate resistance of the cement
matrix. Khatib and Wild [85] contributed the higher
sodium sulfate resistance, due to the inclusion of
MK in the cement matrix, to the �ne discontinuous
pore structure and low levels of CH. This is because
the former inhibited the transport of reactive species
into the cement paste, and the latter limited the
level of ettringite and gypsum produced, which are
the principle components implicated in the expansion
and disruption of the cement paste matrix. On the
same line with this, Irassar [89] related it to the
reduction of matrix permeability and consumption of
the CH formed during calcium silicate hydration. Al-
Akhras [86] explained the increase in sulfate resistance

of the MK matrix to the following mechanisms: re-
duction in the total amount of tricalcium aluminate
hydrate in the cement paste matrix. Formation of
secondary CSH by pozzolanic reaction that is e�ective
in �lling and segmenting large capillary pores into
small, discontinuous capillary pores through pore size
re�nement; thus, the total permeability of the cement
matrix decreased. The �ller action of MK, due to
its �ne particle size, compared to the particle size
of cement, further densi�ed the pore structure of
the blended cement matrix with MK. However, the
inclusion of 20% MK in the cement matrix showed the
high resistance of sodium sulfate attack.

9.3. Chloride resistance
Khater [90] studied the e�ect of 5% magnesium chloride
solution on mortar specimens incorporated with MK
at levels of 0%, 5%, 10%, 15%, 20%, 25% and 30%,
by weight. The results indicated that MK provided
a good resistance to the chloride solution. The max-
imum development of strength was achieved at 25%
replacement. Patil and Kumbbar [91] incorporated
5%, 7.5%, 10%, 12.5% and 15% HRM in HPCs as
addition. After curing for 28 days, concrete specimens
were exposed to 3.5% NaCl for 180 days. The results
showed lower reduction in the compressive strength
after NaCl exposure for HRM concrete compared to the
control sample. The reduction in compressive strength
was 4.88%, 3.97%, 3.87%, 3.85%, 3.75% and 1.94%,
with the addition of 0%, 5%, 7.5%, 10%, 12.5% and
15% HRM, respectively.

10. Corrosion resistance

G�uneyisi et al. [92] reported lower corrosion rate of steel
embedded in concrete incorporated with 5% and 15%
MK as cement replacement, by weight. The rate of
corrosion increased with increasing MK content. Batis
et al. [93] studied the e�ect of MK on the corrosion

Table 7. E�ect of MK on sodium sulfate resistance.

Author
Increased

sodium sulfate
resistance

Replacement
level
(%)

Notes

Khatib and Wild [85]
p

0, 10, 15, 20 and 25
Sodium sulfate resistance
increased with increasing

MK content

Courad et al. [51]
p

0, 10, 15 and 20 Optimum MK
content 10-15%

Al-Akhras [86]
p

0, 10 and 15%
Sodium sulfate resistance
increased with increasing

MK content
G�uneyisi et al. [54]

p
0, 5, 10, 15 and 20 Optimum MK content 20%

Sotiriadis et al. [87]
p

0 and 10
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Table 8. E�ect of MK on corrosion resistance.

Author
Increased
corrosion
resistance

Decreased
corrosion
resistance

Replacement
level
(%)

Notes

G�uneyisi et al. [92]
p

0, 5 and 15 Optimum MK
content 15%

Batis et al. [93]
p

0, 10 and 20 from cement Optimum MK
content 10%

Batis et al. [93]
p

0, 10, 20 and 30 from sand Optimum MK
content 20%

Parande et al. [46]
p

0, 5, 10, 15 and 20 Optimum MK
content 15%

Parande et al. [47]
p Beyond 20%

MK content

Diab et al. [94]
p

0, 10, 15 and 25 Optimum MK
content 15%

Vejmelkov�a et al. [29]
p

0 and 10
Raj et al. [95]

p
0-12

resistance of cement mortar. Poor Greek kaolin with
low kaolinite content was thermally treated to produce
MK. In addition, a commercial MK of high purity was
used. Several mixtures were prepared to produce mor-
tar specimens, in which MK was partially replaced with
either sand or cement. Cement was partially replaced
with MK at levels of 0%, 10% and 20%, by weight,
whilst sand was partially replaced with MK at levels of
0%, 10%, 20% and 30%, by weight. Mortar specimens
were then exposed to the corrosive environment of
either partial or total immersion in 3.5% NaCl solution.
The electrochemical measurements of the corrosion rate
were identi�ed using the Linear Polarization method,
carbonation depth and porosity. They reported that
the use of MK, either as sand replacement up to 20%,
or as cement replacement up to 10%, improved the
corrosion behavior of mortar specimens, whilst there
was no positive e�ect when MK was added in greater
percentages. Parande et al. [47] studied the strength
and corrosion performance for steel embedded in MK
blended concrete/mortar. The replacement levels were
0%, 5%, 10%, 15% and 20%, by weight. A �xed
w/b ratio of 0.45 was used for concrete, and a ratio
of 0.4 was used for mortar. They reported that the
corrosion rate was less up to 15% replacement level in
comparison with the control specimen. Beyond 20%,
the corrosion rate seemed to be slightly higher than
the control sample. Diab et al. [94] partially replaced
cement, in concrete, with MK, at levels of 0%, 10%,
15% and 25%, by weight. They reported that the use
of 10% and 15% MK increased the time of the �rst
corrosion crack appearance and critical time, whilst the
use of 25% MK decreased the time of the �rst crack and
critical time, in comparison with that of 10% or 15%.
Vejmelkov�a et al. [29] partially replaced cement, in

concrete, with 10% MK. They reported that the risk of
embedded steel corrosion was reduced in MK concrete,
where the chloride binding capacity of MK concrete
was about 30% higher than the control sample. Raj et
al. [95] partially replaced cement, in concrete, with MK
at levels ranging from 0% to 12%, with an increment
of 2%, by weight. The results showed a reduction in
embedded steel corrosion with the inclusion of MK.
Table 8 summarizes previous research regarding the
e�ect of MK on corrosion resistance.

From the above review of the literature in this
section, it can be noted that the inclusion of MK
up to 20% decreased the risk of embedded steel
corrosion. This may be due to the reaction of MK
with CH, produced by cement hydration, to form
calcium hydrosilicate and calcium hydroaluminosilicate
(essentially gehlenite-C2ASH8) [52]. However, most
authors [46,89,91] believe that 15% MK exhibits the
optimum content for showing the highest corrosion
resistance. Other authors [93] report 10%, but 20%
if sand is substituted. On the contrary, a higher
content of MK beyond 20% showed the harmful e�ect
of embedded steel corrosion compared to the control
sample. This may be due to the excessive reduction
in CH by MK, which led to a reduction in the pH
value. Consequently, reduction in the pH value leads
to damaging the passive protective layer on the surface
of the reinforcing steel, thereby, the risk of corrosion
increases.

11. Creep and shrinkage

11.1. Creep
Mansour et al. [96] prepared cement pastes blended
with MK. Cement was partially replaced with MK
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at levels of 0%, 5%, 10%, 15% and 20%, by weight.
They studied the creep/recovery technique for di�erent
pastes. The creep/recovery tests showed that the addi-
tion of MK in cement exhibited behaviour typical of a
viscoelastic, whose character decreased with increasing
MK content. It improved cement paste behaviour
in creep. Cassagnab�ere et al. [70] partially replaced
cement with 25% MK, by weight, in concrete, in which
MK was produced from the fast calcination of kaolin
by the ash process. A signi�cant decrease in creep
strain was achieved, whilst no modi�cation in shrinkage
strains was observed.

Brooks and Johari [97] studied the e�ect of MK
on the creep of concrete mixtures incorporated with
MK at levels of 0%, 5%, 10% and 15%, by weight. A
�xed w/b ratio of 0.28 was used with a �xed dosage of
SP. They reported that the inclusion of MK reduced
both the total and basic creep of concrete, with a
great reduction in creep at higher replacement levels
(Figure 14). Table 9 summarizes previous research
regarding the e�ect of MK on creep.

11.2. Shrinkage
11.2.1. Autogenous shrinkage
Rols et al. [98] investigated autogenous shrinkage in
plain cement concrete blended with approximately 9%
of MK. They found that the autogenous shrinkage
in MK concrete was lower than that of the control

Figure 14. Inuence of MK on the basic creep concrete
loaded to an initial stress/strength ratio of 0.20 at the age
of 28 days [97].

concrete. On the contrary, Wild et al. [99] reported
that at a w/b of 0.55, autogenous shrinkage increased
for MK content up to 10%. For MK content above 15%,
autogenous shrinkage appeared to be comparable to
plain cement paste. Kinuthia et al. [100] reported that
in cement MK pastes at w/b 0.5, autogenous shrinkage
increased when the cement was partially replaced with
5% and 10% MK. On the contrary, autogenous shrink-
age decreased when cement was partially replaced with
15% and 20% MK. Justice et al. [101] reported that
autogenous shrinkage increased with the addition of
8% MK, in both two �nesses of 11.1 and 25.4 m2/g,
compared to that of plain cement. The �ner MK
pastes showed the most shrinkage (-2100 � strain at 28
days), whereas they were -750 � and +200 � strain for
coarse MK and control pastes, respectively. Also, they
reported that the pastes containing MK showed greater
chemical shrinkage than the control sample. The
coarse MK paste showed the most chemical shrinkage,
approximately 8.5 mL/100 g at 28 days of curing,
whilst control specimens experienced the least chemical
shrinkage (approximately 4 mL/100 g at 28 days). The
�ne MK paste was expected to show greatest chemical
shrinkage because of its high surface area. Brooks and
Johari [97] studied the e�ect of MK on the autogenous
shrinkage of concrete mixtures incorporated with MK
at levels of 0%, 5%, 10% and 15%, by weight. A
�xed w/b ratio of 0.28 was used with a �xed dosage
of SP. Autogenous shrinkage was measured from the
time of initial set to 24 h and from 24 h to 200
days. They reported that MK reduced the early
age autogenous shrinkage of concrete measured from
the time of initial set, the reduction being greater
at higher replacement levels. On the other hand,
the long-term autogenous shrinkage measured after
24 h increased with the inclusion of MK. Conversely,
Gleize et al. [102] concluded that long-term autogenous
shrinkage of cement-MK paste, with w/b ratios of 0.3
and 0.5, decreased, as the substitution of cement with
MK increased (5%, 10%, 15% and 20%). Table 10
summarizes previous research about the e�ect of MK
on autogenous shrinkage.

From the above review of the literature in this sec-
tion, it can be noted that there are conicting reports

Table 9. E�ect of MK on creep.

Author Decreased
creep

Replacement
level
(%)

Notes

Mansour et al. [96]
p

0, 5, 10, 15 and 20 Creep decreased with
increasing MK content

Cassagnab�ere et al. [70]
p

0 and 25

Brooks and Johari [97]
p

0, 5, 10 and 15 Creep decreased with
increasing MK content
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Table 10. E�ect of MK on autogenous shrinkage.

Author Increased
shrinkage

Decreased
shrinkage

Notes

Rols et al. [98]
p

9% MK
Wild et al. [99]

p
MK < 15%

Kinuthia et al. [100]
p

5%, 10% MK
Kinuthia et al. [100]

p
15%, 20% MK

Justice et al. [101]
p

8% MK

Brooks and Johari [97]
p 5%, 10%, 15% MK; measured

from initial set

Brooks and Johari [97]
p 5%, 10%, 15%; measured

from age of 24 h

Gleize et al. [102]
p 5%, 10%, 15% and

20% MK (long-term)

about the e�ect of MK on autogenous shrinkage. How-
ever, in a general view of the previous investigations,
it can be noted that autogenous shrinkage increased
when MK content < 15%, whilst it decreased with MK
content ranging from 15% to 20%.

11.2.2. Free drying shrinkage
As known, shrinkage is a reduction in volume at
constant temperature without external loading. It is an
important material property that has signi�cant e�ects
on the long-term performance of designed structures. It
also inuences structural properties and the durability
of material [2,7,8], where drying shrinkage can be a
major reason for deterioration of concrete structures.
The contraction of the material is normally hindered
by either internal or external restraints, so that tensile
stresses are induced. These stresses may exceed the
tensile strength and cause concrete to crack. However,
Wang et al. [39] reported that the drying shrinkage
strain of mortar at 28 days decreased by 16% with
the inclusion of 8% MK as cement replacement, by
weight. Ray et al. [103] studied the free shrinkage, up
to 90 days, of plain HPC and blended cement HPCs.
Cement was partially replaced with MK at a level of
10%, SF at a level of 5%, FA + SF at a level of 35%
+5% and FA + SF at a level of 20% + 5%. A �xed
w/b ratio was used. The results indicated that 10%
MK exhibited the lowest free shrinkage, whilst plain
concrete exhibited the highest free shrinkage. Zhang
and Malhotra [42] reported that concrete with 10%
MK had a lower drying shrinkage rate than the control
sample and SF concrete beyond the age of one week.
Caldarone et al. [43] incorporated 5% and 10% HRK in
concrete. W/b ratios of control mixture and mixtures
incorporated with 5% and 10% HRK were 0.41, 0.38
and 0.36, respectively. Various dosages of HRWR were
employed. The specimens were stored in lime water
for 28 days and then in air at 72 � 3�F and 50 � 4%
RH. Changes in length and weight were measured up

to 156 days. The long-term drying shrinkage results
showed that the HRK mixtures were less than the
control mixture. The 10% HRK specimen lost the least
weight upon drying.

Ding and Li [52] studied free and restrained
shrinkage cracking when plain cement concrete was
partially replaced with MK at levels of 0%, 5%, 10%
and 15%, by weight. A �xed w/b ratio of 0.35 was
used with various dosages of SP. The free shrinkage
results indicated that the shrinkage of concrete with
MK decreased with increasing the replacement level.
The free shrinkage of concrete mixtures, MK5, MK10
and MK15, was approximately 15%, 25% and 40% less
than that of the control concrete at 28 days, respec-
tively. The restrain shrinkage cracking decreased as
MK replacement level increased. For the plain cement
concrete, the stabilized crack width was 0.7 mm; for
MK5, MK10 and MK15 concrete, the results were
0.55 mm, 0.51 mm and 0.41 mm, respectively. G�uneyisi
et al. [54] studied the e�ect of MK on drying shrinkage.
They partially replaced the cement in SCCs with MK
at levels of 0%, 5%, 10% and 15%, by weight. A
�xed w/b ration of 0.32 was used. 8.43 kg/m3 of SP
was used for the control mixture, whilst 11 kg/m3 was
used for the MK mixtures. They reported that 15%
MK gave the lowest drying shrinkage. The drying
shrinkage reduced as MK content increased. Brooks
and Johari [97] studied the e�ect of MK on the drying
shrinkage of concrete mixtures incorporated with MK
at levels of 0%, 5%, 10% and 15%, by weight. A �xed
w/b ratio of 0.28 was used with a �xed dosage of SP.
They reported that drying shrinkage was signi�cantly
reduced by the inclusion of MK. As MK content
increased, the drying shrinkage decreased. G�uneyisi
et al. [104] studied drying shrinkage, up to 50 days,
of SCCs incorporated with MK at levels of 0%, 5%,
10% and 15% as cement replacement, by weigh. A
�xed w/b ratio of 0.35 was used with various dosages
of SP. The results showed lower drying shrinkage with
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Table 11. E�ect of MK on free drying shrinkage.

Author Replacement
level (%)

Optimum
MK (%)

Decreased
shrinkage

Increased
shrinkage

Wang et al. [39] 8
p

Ray et al. [103] 10
p

Zhang and Malhotra [42] 10
p

Caldarone et al. [43] 5 and 10 10
p

Ding and Li [52] 5, 10 and 15 15
p

G�uneyisi et al. [54] 5, 10 and 15 15
p

Brooks and Johari [97] 5, 10 and 15 15
p

G�uneyisi et al. [104] 5, 10 and 15 15
p

G�uneyisi et al. [55] 5 and 15 15
p

Mermerda�s et al. [105] 5 and 15 15
p

Zeljkovic [63] 5, 10 and 20 20
p

G�uneyisi et al. 106] 10 and 20 20
p

Hassan et al. [32] 5, 8, 11, 15, 20 and 25 20
p

Malathy and Subramanian [107] 5, 10 and 15
p

the inclusion of MK. The drying shrinkage decreased as
the MK content increased. G�uneyisi et al. [55] studied
the drying shrinkage, up to 45 days, of plain concrete
and concrete incorporated with MK at levels of 5%
and 15% as cement replacement, by weight. A �xed
w/b ratio of 0.35 was used with various dosages of SP.
The results indicated that as MK content increased,
the drying shrinkage decreased. Mermerda�s et al. [105]
studied the drying shrinkage of concrete, in which the
cement was partially replaced with MK at levels of 0%,
5% and 15%, by weight. The results showed a reduction
in the drying shrinkage with increasing MK content.

Zeljkovic [63] partially replaced cement, in con-
crete, with MK at levels of 5%, 10% and 20%, by
weight. A �xed w/b ratio of 0.4 was used. They
measured the drying shrinkage, up to 112 days. The
results showed that the drying shrinkage was reduced
up to 50% with the inclusion of 20% MK. G�uneyisi
et al. [106] studied the drying shrinkage, up to 60
days, of plain and MK concrete. Cement was partially
replaced with MK at levels of 0%, 10% and 20%, by
weight. Various w/b ratios of 0.35 and 0.55, with
various dosages of HRWR, were employed. They
concluded that the inclusion of MK as a partial cement
replacement lowered the drying shrinkage of concrete,
irrespective of w/b ratio. 20% replacement level
exhibited the lowest drying shrinkage. A w/b ratio
of 0.35 gave a lower drying shrinkage than that of
0.55. Hassan et al. [32] studied the drying shrinkage,
up to 400 days, of SCCs, when cement was partially
replaced with MK at levels of 0%, 5%, 8%, 11%, 15%,
20% and 25%, by weight. A �xed w/b ratio of 0.4
was used with various dosages of HRWR. The results
indicated that the drying shrinkage of SCCs decreased
with increasing MK content. 20% MK exhibited the
lowest drying shrinkage values, whilst 25% MK showed

a comparable drying shrinkage to that of 20%. On the
contrary, Malathy and Subramanian [107] studied the
inuence of mineral admixtures, as SF, MK and FA,
on the drying shrinkage of cement mortar. Cement was
partially replaced with MK at levels of 0%, 5%, 10%
and 15%, by weight. They concluded that the ultimate
drying shrinkage of mortar increased with increasing
MK content. The pozzolanic reaction and pore size
re�nement mechanisms were responsible mainly for the
increase in the drying shrinkage of mortar at early ages.
The long-term drying shrinkage of mortar at 365 days
is not a�ected signi�cantly with the addition of MK.
Table 11 summarizes previous research regarding the
e�ect of MK on free drying shrinkage.

From the above review of the literature in this sec-
tion, it can be noted that the inclusion of MK reduced
the free drying shrinkage. There is an abundant num-
ber of authors that believe that 15% [52,54,55,97,105]
MK is the optimum content to show the lowest drying
shrinkage. Others believe 20% [32,63,106]. However,
15-20% MK seems to be a suitable replacement level
for the lowest drying shrinkage.

12. Alkali-Silica Reaction (ASR)

Aquino et al. [108] studied the inuence of HRK and
SF on the chemistry of ASR products. The control
mixture (control A) contained 100% inert aggregates
and no mineral admixture. 5% of the total aggregate
content was substituted by Beltane opal (control B).
The cement in the mixture (control B) was partially
replaced with 10% HRM or 10% SF. Mortar bars
were prepared and stored in a 1 N NaOH solution at
80�C (ASTM C 1260) for 21 days. They concluded
that HRK and SF performed similarly in controlling
expansion due to ASR in mortar bars (Figure 15). The
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Figure 15. Inuence of SF and HRM on expansion up to
21 days after immersion in 1 N NaOH at 80�C [108].

calcium content of ASR products increased with time,
but lower levels of calcium were found in specimens
containing SF and HRK. Dhir et al. [109] used 10%
MK to reduce ASR in concrete containing waste glass
that was used as either �ne aggregate or as Type
II addition. Shekarchi et al. [53] partially replaced
cement, in concrete, with MK, at levels of 5%, 10%
and 15%, by weight. A �xed w/b ratio of 0.38 was used
with various dosages of SP. The results indicated that
the 28-day ASR expansion of 15% MK was reduced as
much as 82%.

Moser et al. [110] evaluated the potential for
binary and ternary blends of MK, with two di�er-
ent size distributions, and Class C FA to mitigate
ASR with a highly reactive �ne aggregate using an
Accelerated Mortar Bar Test (AMBT) and Concrete
Prism Test (CPT). Two types of MK were used, MKa
and MKb, with surface areas of 11.2 and 25.4 m2/g,
respectively. The binary blends included 8% and 15%
MK. The ternary blends were incorporated with 3%,
5% and 8% MK with 25% FA. They reported that
MKb, with a higher surface area, was less e�ective
than MKa in decreasing ASR-induced expansion in
binary blends. The binary blends of MK reduced
expansion by 55-90% compared to the control sample.
No bene�t was achieved by using ternary blends of
MK with FA for the mitigation of ASR over MK used
alone. Ramlochan et al. [88] studied the e�ciency
of HRK in controlling expansion due to ASR. The
expansion of concrete and mortar incorporated with
0-20% HRK as a partial replacement of cement, by
weight, was seen. They concluded that incorporation
of HRK as a partial cement replacement between
10% and 15% was su�cient to control deleterious
expansion due to ASR in concrete. Gruber et al. [50]
partially replaced cement in concrete with HMK at
levels of 0%, 5%, 10%, 15% and 20%, by weight.
They measured the ASR expansion of the concrete
specimens for up to 24 months. The results showed

a reduction in ASR expansion with the inclusion of
HRK. From 15% to 20% HRK showed the lowest ASR
expansion.

HRK was used to mitigate the e�ects of ASR
in mortar bars incorporated with di�erent mixtures.
The �rst is called control one, which is incorporated
with plain cement only as a binder material. Ce-
ment was partially replaced by HRK at levels of
5%, 10% and 20%, by weight, in the second, third,
and fourth mixtures, respectively. Also, cement was
partially replaced with 20% FA, by weight. This study
was performed in accordance with the Canadian Test
Standard CSA A23.2-25A (Accelerated Mortar Bar
Test), which is similar to ASTM C1260. The results
indicated that at 10% replacement level, there was a
dramatic reduction in expansion, versus the control
and FA formulations. At 20% replacement level,
expansion was virtually eliminated [111]. Table 12
summarizes previous research regarding the e�ect of
MK on ASR.

From the above review of the literature in this
section, it can be noted that the inclusion of MK
reduced ASR expansion. Gruber et al. [50] related
the reduction of ASR expansion, with the inclusion
of MK, to a reduction in pore solution alkalinity.
The hydroxyl ion concentration in cement pastes was
reduced with the inclusion of MK (Figure 16). The
signi�cance of pore solution alkalinity is related to
the potential of ASR. The solubility of reactive silica
increased exponentially as the alkalinity of the pore
solution increased in the range 0.1-1.0 M OH� (i.e. pH
13.0-14.0). The use of 20% HRM would appear to be
an e�ective means of reducing pore solution alkalinity
to a value below that necessary for ASR. It is worth
mentioning that the inclusion of MK in the matrix was
able to suppress ASR expansion using recycled glass as
an aggregate or cement replacement, or as an addition
to the concrete or mortar specimens [112-117].

Figure 16. Hydroxyl ion concentration of pore solution
prepared with cement of 1.02% Na2O and HRM
substitution [50].
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Table 12. E�ect of MK on ASR expansion.

Author Replacement
level (%)

Notes

Aquino et al. [108] 0 and 10 ASR decreased

Dhir et al. [109] 0 and 10 ASR decreased

Shekarchi et al. [53] 5, 10 and 15 ASR decreased with
increasing MK content

Moser et al. [110] 0, 8 and 15 ASR decreased with
increasing MK content

Moser et al. [110] 0, 3, 5 and 8 MK with 25 FA ASR decreased with
increasing MK content

Ramlochan et al. [88] 0-20 -ASR decreased
-Optimum MK content 10-15%

Gruber et al. [50] 0, 5, 10, 15 and 20 -ASR decreases
-Optimum MK content 20%

13. Near surface resistance

Abdul Razak et al. [46] presented the results of an
investigation into the use of MK and SF as supple-
mentary cementing materials in enhancing the near
surface properties of concrete. MK and SF were found
to enhance the overall near surface characteristics of the
concrete. The inclusion of MK and SF greatly reduced
the initial surface absorption, water absorption and
sorptivity of concrete in varying magnitudes. Siddique
and Kaur [118] studied the e�ect of MK on the
near surface characteristics of concrete. Cement was
partially replaced with MK at levels of 5%, 10% and
15% MK, by weight. A �xed w/b ratio of 0.45 and �xed
SP dosage of 4.95 l/m3 were used. They concluded that
as the MK content increased, a reduction in surface
permeability occurred, which further ensured better
surface durability. The higher replacement level of 15%
MK was not helpful in improving the inner durability
of the concrete.

14. Conclusions

The conclusions of the literature review can be sum-
marized as follows:

1. The inclusion of MK in the PC system improves
the abrasion resistance of concrete. The inclusion
of MK in the PC system improves its �re resistance
and gives higher residual compressive strength. The
optimal replacement level seems to be 20% if the
cement is partially replaced with individual MK or
with an equal combination of MK and SF.

2. The inclusion of MK in the PC system exhibits
a smaller reduction in compressive strength after
freeze-thaw cycles, compared to a pure PC system.
The optimal replacement level seems to be 20%.

3. Chloride ion di�usion considerably decreases in

value by increasing MK content. This means
an improvement in durability with increasing MK
content. The optimal replacement level seems to be
20%, which was obtained by several researchers.

4. Some researchers conclude that carbonation depth
increases by increasing MK content. On the con-
trary, other researchers believe that the inclusion of
MK in the PC system reduces carbonation depth.
This issue needs further investigation.

5. MK enhances the resistance of concrete against
seawater attack. The resistance of mortar/concrete
to acid attack is higher for MK cement than for the
control sample.

6. MK concrete provides higher sodium sulfate re-
sistance and lower concrete expansion. Concrete
containing MK up to 20% replacement level pro-
vides excellent durability to sodium sulfate attack.
On the contrary, some authors report the negative
e�ects of MK on magnesium sulfate resistance. The
higher the content of MK, the more severe is the
magnesium sulfate attack.

7. MK concrete provides higher magnesium chloride
resistance. The optimal replacement level seems to
be 25%.

8. The use of MK, either as sand replacement up to
20%, or as cement replacement up to 10%, improves
the corrosion behavior of mortar. The corrosion
rate in mortar/concrete is less when up to 15%
cement replacement with MK. Beyond 20%, the
corrosion rate is slightly higher than for the control
sample.

9. The inclusion of MK reduces both total and basic
concrete creep. The optimal replacement level
seems to be 20%.

10. According to autogenous shrinkage, although there
are contradictory results, the main common conclu-
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sion is that autogenous shrinkage increases when
5% and 10% cement is partially replaced with
MK in the paste, and decreases when 15% and
20% cement is partially replaced with MK. On the
other hand, the long term autogenous shrinkage
of cement-MK paste decreases as the substitution
of cement with MK increases (5%, 10%, 15% and
20%).

11. Concrete containing MK experiences less free dry-
ing shrinkages than the control. 15-20% cement
replacement with MK seems to be more e�ective
than 5% or 10% cement replacement.

12. Incorporation of MK as a partial cement replace-
ment between 10% and 15% is su�cient to control
deleterious expansion due to ASR in concrete.

13. The inclusion of MK greatly reduces initial surface
absorption, water absorption and sorptivity of con-
crete. The inclusion of 5% and 10% MK seems to be
more e�ective in producing better surface durability
than higher replacement levels.
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