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�We investigated the corrosion resistance of SLC specimens with MK at various ratios.
� MK addition improved the physical properties of the SLC specimens.
� Addition of MK in ratios up to 15% w/w improved the mechanical strength of the SLC.
� Use of MK in ratios up to 15% w/w improved the corrosion resistance of the SLC.
� MK higher than 15% w/w reduced the mechanical strength and corrosion resistance.
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In this study, the mechanical and physical properties of structural lightweight concrete (SLC) specimens
produced by substituting cement with metakaolin (MK) at ratios of 5%, 10%, 15% and 20% w/w were
examined, and the corrosion behavior of the reinforcing steel bars embedded in these specimens was
investigated. Corrosion rates of the bars were determined by using galvanic current measurement
method. Furthermore, the corrosion potential of the steel bars in these specimens was measured daily
for a period of 90 d based on ASTM C876 standard test method. As a result of this study, it was found that
the MK improved the mechanical and physical properties of the SLC and the 15% w/w MK addition
showed the optimum contribution to the strength development. Furthermore, the use of MK in SLC speci-
mens, as a cement replacement up to 15% w/w, improved the corrosion resistance of the specimens, while
there was no positive effect when MK was added in greater ratios. The conclusions were also supported
with scanning electron microscope (SEM) studies.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

During the past decade, metakaolin (MK), a thermally activated
amorphous alumina-silicate material acquired by calcining kaolin
clay at the temperature range of 750–850 �C, has been objective
of several studies, mainly due to its capacity to react vividly with
Ca(OH)2 by-products occurred during cement hydration [1,2].
Due to its high pozzolanic activity, the addition of MK greatly
enhances the mechanical and durability properties of cement
based materials [3–8]. Recent works have shown that MK is a very
effective pozzolan, altering the pore structure of the lime and
cement paste and greatly improving its resistance to the entrance
of water and diffusion of harmful ions through the cement matrix,
supporting the idea of its beneficial addition in cement based
materials [9–15]. The reaction between the MK and calcium
hydroxide (CH) produces tobermorite gel and alumina phases
including C4AH13, C2ASH8 and C3AH6 at ambient temperature
[16]. These phase’s stability may lead to dense interfacial transition
zone, producing a decrease in porosity and gain of microstructural
compactness, i.e., more mechanical and physical strength.

The corrosion resistance of the concrete affects its durability
and finally its performance. The durability of reinforced concrete
structures is provided by both chemical and physical protection
of the reinforcing steel bar against corrosion. Reinforcing steel
embedded in good quality concrete normally displays good long-
term durability due to the pore solution phase being sufficiently
alkaline to lead to passivation of the bar. But, concrete is a porous
composite material and thus reinforcing bar protection resulting
from the penetration of aggressive ions may not remain excellent
long term. This protection depends mainly on the environmental
conditions, microstructure and the chemistry of the mixture.
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The two latter factors are strongly affected by the mix design and
quality of its constituents. It is apparent that the existence of MK
affects the corrosion resistance of concrete [17,18].

Various studies have been performed on the determining the
corrosion behavior of concretes produced with MK. But, not a sin-
gle study has been encountered on corrosion resistance of SLC
obtained by substituting cement with MK in the open literature.
Therefore, the aim of this study was to investigate the corrosion
behavior of SLC specimens containing MK at proportions of 5%,
10%, 15% and 20% by weight. Furthermore, the mechanical and
physical performances of the SLC specimens were also determined.
2. Materials and methods

A total five series of adjacent SLC specimens, including the control specimen,
were prepared to determine the effect of MK addition on the corrosion behavior
of reinforcing steel embedded in SLC specimens. A total of twenty-five pieces of
100 � 100 � 200 mm concrete specimens consisting of cube specimens in adjacent
position were produced, with five specimens being taken from each series. Corro-
sion rate of the steel bars embedded in these specimens was determined based
upon the galvanic current measurement method (GCM).

GCM is based on the principle of determining the galvanic current between
electrodes immersed in electrolytes with various contents by using a sensitive
ammeter. GCM was applied in two different methods by Jang and Iwasaki [19]. In
the first method, out of two electrodes, one was submerged in a solution with bro-
ken concrete particles and chloride, the other was submerged in a solution without
chloride. These solutions in two different containers were made to come into con-
tact with each other by a saturated ammonium nitrate salt bridge. Electrodes were
connected to each other by a cable, and the ratio of current passing through the cor-
rosion cells was measured by means of a sensitive ammeter. The same test was also
carried out by using two concrete specimens in lieu of solution containing concrete
particles. In this instance, a thin film was placed between the concrete specimens.
The specimens were connected to each other by a salt bridge, and galvanic current
between the electrodes was measured through the agency of a sensitive ammeter.
Keles�temur [20] investigated the corrosion resistance of concrete specimens pro-
duced by substituting coarse aggregate with waste vehicle rubber tires at various
proportions by using GCM. Asan and Yalçın [21] determined the effects of chloride
and acetate ions on the corrosion resistance of concrete containing fly ash by using
GCM.

In this study, 5% w/w NaCl was added into the mixing water on one side of the
adjacent SLC specimens. In this way, it was considered that galvanic current would
occur between the reinforcing steels in the SLC specimens containing MK and with
or without NaCl. The galvanic current values were measured daily for a period of
90 days by using a high impedance ammeter. Relative corrosion rates of the elec-
trodes embedded in SLC specimens were determined by dividing galvanic current
passing through the galvanic cell to the surface area of the steel.

The corrosion potentials of the electrodes embedded in SLC specimens were
determined daily for a period of 90 days based on the ASTM C876 standard test
method. The corrosion potentials of the reinforcing steels were measured versus
time using a saturated copper/copper sulfate electrode (CSE) as a reference elec-
trode. Corrosion potential measurements were carried out by using a high impe-
dance voltmeter as measurement device. The corrosion potential changes of the
steels versus time were showed as graphic to determine whether the electrodes
were in active or passive situation.
2.1. Preparing electrodes

The rounded bar of SAE1010 steel produced by Ereğli Iron and Steel Factory in
Turkey, which is main material of the construction sector, was chosen for this study
as an electrode. The as-received material was in the form of 14 mm in diameter hot-
rolled bar. The chemical analysis of the electrode is given in Table 1.

50 pieces of electrodes 120 mm in length were cut out from the as-received
material and surfaces of the electrodes were mechanically cleaned with the aid of
lathe machine. Then, electrode surfaces were polished with 1200 mesh sandpaper
and cleaned with ethyl alcohol. 10 cm2 surface areas were left open in the tips of
steels which would be embedded in the SLC specimens. Screw thread was machined
in the other ends of the steels and cables were connected to these ends for make
easier measurements in the course of the test. Remaining regions of the steels were
Table 1
Chemical analysis of the electrode (% wt.).

C Mn Si P S Fe

0.17 0.250 0.050 0.005 0.050 Balance
covered from exterior effects by coating them with epoxy resin at first and then
with polyethylene. The steel bars were kept in a desiccator to protect them against
corrosion up to test time.
2.2. Preparing SLC specimens for the corrosion tests

100 � 100 � 200 mm SLC specimens consisting of cube blocks in adjacent posi-
tion were prepared for corrosion tests. Rebars prepared in advance were embedded
in these specimens as shown in Fig. 1(a). While one of the blocks contained 5% w/w
NaCl, the other one was normal composition. A total of 25 specimens were prepared
to determine the corrosion resistance of SLC specimens containing at various pro-
portions of MK. The compositions of the concrete blocks in adjacent position are
given in Table 2.
Fig. 1. SLC blocks in adjacent position.



Table 2
Compositions of the adjacent blocks.

Specimen Left block Right block

C Normal mix Normal mix + 9.5 kg/m3 Cl�

M5 Normal mix + 5% w/w MK Normal mix + 5% w/w MK
+ 9.5 kg/m3 Cl�

M10 Normal mix + 10% w/w MK Normal mix + 10% w/w MK
+ 9.5 kg/m3 Cl�

M15 Normal mix + 15% w/w MK Normal mix + 15% w/w MK
+ 9.5 kg/m3 Cl�

M20 Normal mix + 20% w/w MK Normal mix + 20% w/w MK
+ 9.5 kg/m3 Cl�

Table 4
Particle size distribution of the aggregate.

Sieve size (mm) 8 4 2 1 0.50 0.25

Passage (%) 100 74 57 31 17 9

Table 5
Details of the SLC mixes (kg/m3).

Specimen Water Cement MK Fine aggregate
(0–4 mm)

Coarse aggregate
(4–8 mm)

C 190 400 – 493 285
M5 190 380 20 493 285
M10 190 360 40 493 285
M15 190 340 60 493 285
M20 190 320 80 493 285
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The thin metal sheet was placed between the blocks as shown in Fig. 1(a). After
the placing of fresh concrete to the blocks, this metal sheet was removed while the
concrete was still plastic consistency (Fig. 1(b)). Then, concrete specimens in adja-
cent position were obtained by applying the vibration to the molds (Fig. 1(c)).

Commercial grade ASTM Type I Portland cement was used to prepare all SLC
specimens that were employed in the tests within the scope of this study. MK
was obtained from Denge Chemical Company in Turkey. Table 3 compares the che-
mical and physical properties of the cement and MK used in the mixtures.

High-quality river gravel was used as coarse aggregate which is commonly used
in concrete production. Maximum grain size of the coarse aggregate was 8 mm. The
density of the river gravel was 2600 kg/m3. The pumice aggregate with basic char-
acter used as fine aggregate (0–4) was provided from the Meryem volcano, placed
in Elazig county of Turkey. The density of the basal pumice aggregate was 1850 kg/
m3. The particle size distribution of the aggregate used in this study is given in
Table 4. Regular tap water was used as the mixing water period of the preparation
of the SLC specimens. Neither plasticizer nor any other chemical admixture was
used. The mixture ratios of all the SLC blocks were prepared according to ACI
211.1, and presented in Table 5.

The SLC specimens were kept in molds for period of 24 h at room temperature
of about 20 ± 2 �C. After demolding, the specimens were cured at 25 ± 2 �C in 90%
relative humidity during the corrosion tests for prevents the specimens from losing
their conductive nature.

2.3. Hardened structural lightweight concrete tests

Different tests were performed on the hardened SLC specimens in order to
determine their mechanical and physical performances. The mechanical and physi-
cal properties such as compressive strength, splitting tensile strength and ultrason-
ic pulse velocity (UPV) were determined according to ASTM C39, ASTM C496 and
ASTM C597, respectively. Furthermore, sorptivity and porosity tests were also car-
ried out on the SLC specimens. The data obtained from mechanical and physical
tests were analyzed together with the corrosion data of the SLC specimens.

The porosity of the SLC specimens was measured applying the vacuum-satura-
tion technique. The porosity tests were carried out on slices of 68 mm diameter
cores cut out from the center of 100 mm cubes (parallel to the casting direction).
The specimens were dried in an oven at 100 ± 5 �C till mass stabilization was
reached and were then located in a desiccator under vacuum for at least 3 h, after
which the desiccator was filled with de-aired, distilled water. The porosity value for
each specimen was calculated through Eq. (1). This porosity measurement tech-
nique has previously been reported [22–24].

P ¼ ðWsat �WdryÞ
ðWsat �WwatÞ

100 ð1Þ

where, P stands for vacuum saturation porosity (%); Wsat represents weight in air of
saturated specimen; Wwat represents weight in water of saturated specimen and
Wdry represents weight of oven-dried specimen.

Five test specimens for capillary sorption test were prepared for each mixture.
The capillary sorption tests were performed on 100 mm cube specimens. Tests of
sorptivity were conducted using specimens pre-conditioned in the furnace at about
Table 3
Chemical and physical properties of the cement and MK.

Oxide compounds (mass%) CEM I 42.5 N MK

Silica (SiO2) 21.12 52–54
Alumina (Al2O3) 5.62 41–44
Iron oxide (Fe2O3) 3.24 <1.5
Calcium oxide (CaO) 62.94 <0.5
Magnesia (MgO) 2.73 <0.4
Sulfur trioxide (SO3) 2.30 –
Sodium oxide (Na2O) – <0.1
Potassium oxide (K2O) – <2
Titanium oxide (TiO2) – <1
Density (g/cm3) 3.15 2.6
Blaine fineness (cm2/g) 3379 22000
50 �C. After mass stabilization, specimens were sealed by using paraffin on their
side surfaces only, for ensure uniaxial water absorption. The end of the specimen
that will not be exposed to water was sealed using a loosely attached plastic bag
to control evaporation from this surface. The plastic bag was secured using an elas-
tic band. Rods supports were placed at the bottom of the pan and the pan was filled
with tap water so that the water level was 5 mm above the top of the rods supports.
The water level in the pan was maintained 5 mm above the top of the support for
the duration of the tests. The test surface of the specimen was placed on the rods
supports as shown in Fig. 2. The mass of the specimens was determined using a bal-
ance at certain times, then the ratio of absorbed water was calculated and normal-
ized with respect to the cross-section area of the specimens subjected to the water
at certain times such as 0, 5, 10, 20, 30, 60, 180, 360 and 1440 min. The following
equation was used in order to calculate the capillary absorption coefficient (k).

Q
A
¼ k

ffiffi

t
p

ð2Þ

where Q stands for the quantity of water absorbed in (cm3); A the cross-section of
specimen in contact with water (cm2); t time (s) and k the sorptivity coefficient of
the specimen (cm/s1/2). Q/A was plotted against the square root of time (

ffiffi

t
p

) in order
to determine the k and then, k was obtained from the slope of the linear relation
between Q/A and

ffiffi

t
p

. This sorptivity measuring technique has been used in many
previous studies [25–28].

The microscopic studies of the SLC specimens were conducted at the Electron
Microscopy Laboratory of Firat University by using a Jeol JSM7001F scanning elec-
tron microscope.
3. Results and discussion

3.1. Results of mechanical and physical tests performed on hardened
specimens

Table 6 presents the data obtained from mechanical and physi-
cal tests performed on the hardened SLC specimens at 28th day.
Fig. 2. Schematic demonstration for sorptivity test.



Table 6
Data obtained from mechanical and physical tests.

Tests Specimens

C M5 M10 M15 M20

Compressive strength (MPa) 29.16 31.86 31.92 36.01 34.34
Splitting tensile strength

(MPa)
2.327 2.436 2.637 2.631 2.582

Ultrasonic pulse velocity
(km/s)

3.424 3.484 3.572 3.787 3.61

Porosity (%) 11.01 9.35 8.75 3.16 2.91
Sorptivity coefficient � 10�3

(cm/s1/2)
1.315 0.994 0.99 0.256 0.201

O. Keles�temur, B. Demirel / Construction and Building Materials 81 (2015) 172–178 175
The compressive and splitting tensile strengths of SLC with MK
hydrated for 28 days are shown in Table 6. These results displayed
that the compressive and splitting tensile strengths of the SLC spe-
cimens increased with the increasing MK replacements up-to 15%
w/w. As the case in point, the compressive and splitting tensile
strengths of the specimen containing 15% w/w MK were higher
than that of the C specimen by about 23.49% and 13.06%, respec-
tively. This gain may have two underlying reasons; the first reason
is filler effect of the MK particles in the interface zones between
aggregate and cement paste or pores in the bulk paste, thereby
enhancing its density as well as its strength. The second reason
is pozzolanic reaction, between the MK and Ca(OH)2 released dur-
ing the cement hydration, which occurs additional C3S2H3 gel. The
reduction in compressive and splitting tensile strengths for speci-
men with 20% w/w MK compare to M15 is clarified as the result
of dilution effect which reduces the C3S and bC2S main phases in
blended cement. The dilution effect is a result of substituting a part
of cement with the equal amount of MK. At higher ratio replace-
ments, moreover, the MK particles are pelleted around the cement
particles and prevent the hydration process. The quantity of hydra-
tion productions is reduced; causing to the improvement of fewer
points of contact which act as binding centers between cement
particles. Therefore, there is an optimum MK replacement for
mechanical strength of concrete containing MK. In this study, since
the efficiency appears to reduce over a replacement ratio of 15%
w/w can also be accepted as an optimum ratio for MK considering
the economic efficiency. Similar observations have also been
noticed by the other researchers [11,13,16].

The data obtained from UPV tests are given in Table 6. The com-
pressive strength specimens were used for this test. For SLC speci-
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Fig. 3. Changes in corrosion po
mens as the replacement ratio of MK with cement is increased, it
behaves to be good soundness properties when compared to C spe-
cimen. This observation is found in 5–15% MK only whereas in 20%
MK specimen which displayed lesser UPV data compare to 15% MK
specimen. From this data it is concluded that the SLC specimen
containing up to 15% MK shows to be in a good soundness manner.
A similar relationship could be found in the open literature [10].

It is revealed in Table 6 that the porosity and sorptivity coeffi-
cient values of the SLC specimens decreased with the rise of MK
ratio. This decrease suggested that pore structure of the SLC speci-
mens reduced in accordance with the ratio of MK. The reason of the
decreasing of the porosity and sorptivity coefficient values
depends on occurring of a denser hydration phase at 28th days.
The initial hydration products of Portland cement and MK are
C3S2H3 gel, C4AH12 and C2ASH8 [14,6]. Later on hydrogarnet
appears which is denser than C4AH12 and C2ASH8. A denser phase
is related to reduce in porosity and increase in strength. Further-
more, this decrease in porosity and sorptivity values could be
attributed to the filler effect of the fine MK grains. High fineness
of MK is expected to yield denser microstructure, in that the MK
grains fill the interface zones between the aggregate and cement
paste or pores in the matrix. The filler effect can cause discontin-
uation of the capillary porosity. The beneficial effect of the MK
on the decreasing the sorptivity coefficient is obvious when the
SLC specimens are visually examined after the end of the sorptivity
test. After the experiment has ended, the water can be seen on the
top surface of control specimen. As the ratio of MK in the speci-
mens rises the appearance of water on the top surface is greatly
decreased. In the SLC specimens produced with 15% and 20% MK
at the end of the sorptivity experiment, no water on the top surface
is showed. This observation suggests that there is discontinuity of
pores when cement is partially replaced with MK. These finding are
in good agreement with earlier findings [14,16]. The data obtained
from the porosity and sorptivity tests are consistent with the data
obtained through mechanical tests.
3.2. Results of corrosion tests

The corrosion tendency of the electrodes was estimated in all
types of the SLC specimens by the corrosion potential change ver-
sus the test time. Plots of this evolution are presented for the speci-
mens in Fig. 3.
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Recommendations on evaluation of corrosion potential mea-
surement results in ASTM C876 standard test method are given
in Table 7 [29].

As seen in Fig. 3, initially the corrosion potentials of almost all
electrodes were equal approximately �400 mV. Thereafter recov-
ery was determined to more positive data and finally after
12 weeks of tests it differentiates between the electrodes embed-
ded in various SLC specimens. Fig. 3 presented that the elec-
tronegative corrosion potential was much lower in electrodes
embedded in SLC specimens containing MK up to 15% w/w com-
pared to the C specimen. Large reduces were determined in elec-
tronegative corrosion potential when the MK ratio was raised up
to 15%. Indeed, the reinforcing steel bars in the M10 and M15 spe-
cimens became more passive than the C specimen and remained in
the uncertain zone in terms of corrosion during the 12 weeks peri-
od. The corrosion potential of the electrodes embedded in C and
M5 specimens had achieved the uncertain zone after the 7th week
Table 7
Estimation of corrosion probability as determined by corrosion potential experiment.

Potential (mV), (CSE) Probability of the presence of active corrosion

>�200 The probability for corrosion is very low
�200 � �350 Uncertain
<�350 The probability for corrosion is very high
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Fig. 5. SEM photographs of SLC specimen
and remained there during the test. Electrodes in M20 specimen,
which poses the highest electronegative corrosion potential, had
remained the active zone during the period of test. By taking the
ASTM C876 standard as a reference, these results were indicated
that the corrosion still continued in M20 specimen even at the
end of the 90th day. From the results of corrosion potentials, it
can be concluded that the replacement ratio up to 15% MK dis-
played lower potential values when compared to the C specimen.
This phenomenon indicates the influence of the MK on the
microstructural diffusion properties of the SLC specimen and also
pore size distribution may be reasons for the SLC has significantly
decreased the corrosion potential, which acts as filler material.

Corrosion potential tests provide qualitative observations and
probably indicate the corrosion of reinforcing bars in concrete to
a large extent. Therefore, from the development of corrosion
potentials of the reinforcing steels, it is clear that for the first
category of specimens a better performance in corrosion resistance
is expected than that of second ones.

Among the laboratory experiments, galvanic current measure-
ment versus time provides the ability of a rather correct prediction
of a construction service life. Plots of these measurements for all
types of the SLC specimens tested are indicated in Fig. 4.

As clearly seen in Fig. 4, the M5, M10 and M15 specimens exhib-
ited developed anticorrosive properties, which cause superior cor-
rosion resistance of the reinforcing steels, whereas M20 presented
greater galvanic current value compared to the C specimen. These
7 8 9 10 11 12
 (Weeks)

10 M15 M20

rent values of the specimens.

s: (a) C specimen, (b) M15 specimen.



Fig. 6. SEM micrographs of the specimens: (a) C specimen, (b) M15 specimen,
(c) M20 specimen.
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findings are in consistent with the relevant ones from the corrosion
potential tests. Concerning the corrosion, the use of MK, as a
cement replacement up to 15% w/w, developed the corrosion resis-
tance of SLC specimens. This rise in corrosion resistance of the spe-
cimens could be attributed to denser structure, stronger paste
matrix and developed paste-aggregate interface zone of mixtures
containing MK as a result of the occur of additional hydrate phases
from pozzolanic reaction between the MK and free Ca(OH)2 and its
filler effect. The microstructures of the SLC specimens with or
without MK at 28th day after hydration are shown in Fig. 5. As
shown in Fig. 5, the main structures (separation and irregularity)
are improved with addition of the MK. Fig. 5(b) indicated that
microstructure of the SCL containing 15% w/w MK is more uniform
and dense than that of the C specimen at 28th days. These findings
agreed with fairly well with those obtained by other researchers
[11,16,18].

Use of MK higher than 15% w/w decreased the corrosion resis-
tance of the SLC specimens. This phenomenon is reasonable con-
sidering the reduction of pH degree of the pore solution, because
of pozzolanic reaction and following consumption of the calcium
hydroxide. The change in the calcium hydroxide content of the
specimens with increasing MK ratio is presented in Fig. 6. The
SEM micrograph shown in Fig. 6(a) indicates that the microstruc-
ture of the C specimen presents the presence of microcrystalline
and approximately amorphous C–S–H gels and a large amount of
dense calcium hydroxide crystals. Additionally, the micrograph of
SLC specimen with 15% MK showed the presence of fibrous and
approximately amorphous C–S–H gels and compact microstructure
as shown in Fig 6(b). It is clearly seen from Fig. 6(c) that the
amount of calcium hydroxide crystals in M20 specimen is
decreased. The main reason of this reduction is the pozzolanic
reaction between MK and Ca(OH)2 released during cement hydra-
tion. The results are in a qualitative agreement with the observa-
tions in [11,18,30,31] where were reported that the reduce in the
Ca(OH)2 was obvious for concrete specimens containing MK.

The corrosion test data demonstrated that replacement ratio of
the 15% w/w shows the best performance among other ratios for
corrosion resistance of the SLC specimens produced with MK. This
result is in remarkably good agreement with earlier reports
[10,18].

4. Conclusions

On the basis of experimental study that has been performed and
presented in this study, the following conclusions can be drawn.

� The test results demonstrated that the MK improved compres-
sive and splitting tensile strengths of the SLC specimens and
the replacement ratio of 15% w/w MK displayed the optimum
contribution to the strength development of the specimens.
� The increase in the ratio of MK resulted in a rise in ultrasonic

pulse velocity value of the SLC specimens, but at the same time
it lead to reduce in porosity and sorptivity values.
� Incorporation of MK, as a partial cement replacement, into the

SLC specimens caused significant changes in the chemical com-
position of the pore solution phase of the specimens.
� SEM studies revealed that the microstructure of the SLC speci-

mens containing MK up to 15% w/w was more uniform and
compact than that of the C specimen.
� As a result of the tests performed for the purpose of determin-

ing the corrosion resistance of SLC specimens containing MK at
various ratios, it was observed that the use of MK, as a cement
replacement up to 15% w/w, improved the corrosion resistance
of SLC specimens, while there was no positive effect when MK
was added in higher ratio.
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