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The effects of pre-dispersing metakaolin (MK) in water on the properties and hydration

of mortar and distribution of MK particles in mortar were characterized by analytical

techniques. Zeta-potential of MK-water dispersion significantly decreased with the

increase of pH of solution, resulting in a stable dispersion at pH of 8 with zeta-potential

of −40mV. The bulk density of MK-water slurry rapidly increased with water/MK ratio

due to the surface tension force of water and filling of spaces by water, resulting in

a maximum bulk density of 665.2 kg/m3 at water/MK ratio of 1.0. Comparing to that

of powder MK, pre-dispersing MK in water did not alter hydration products, slightly

improved compressive strength, and pore structure, but further reduced shrinkage and

significantly improved the uniformed distribution of MK particles in mortar.

Keywords: zeta-potential, viscosity, hydration products, compressive strength, shrinkage, coefficient of variation

INTRODUCTION

Concrete is one of the most used man-made materials for construction, due to its availability,
suitable workability, properties, and durability. However, concrete has been criticized in recent
decades for its contribution to CO2 footprint, which is mainly from one of its components, Portland
cement (Scrivener and Kirkpatrick, 2008). To reduce the CO2 footprint of construction industry,
mineral additives have been introduced to concrete in the aim to reduce the amount of Portland
cement required. Mineral additives include fly ash, silica fume, slag, and metakaolin (MK). Mineral
additives are usually amorphous in nature with high silicate/aluminate content, which can react
with calcium hydroxide formed during hydration of Portland cement through pozzolanic reaction
(Taylor, 1997).

MK attracted much attention among mineral additives recently due to its high contribution to
strength and durability when introduced to concrete (Frias and Cabrera, 2000; Aquino et al., 2001;
Gueneyisi et al., 2008; Goncalves et al., 2009; Shui et al., 2010; Fernandez et al., 2011; Rashad, 2013),
resulting from its effect of acceleration of hydration of Portland cement and refinement of pore
structure of concrete or mortar (Buchwald et al., 2007; Lagier and Kurtis, 2007; Cassagnabere et al.,
2010; Li et al., 2010; Kadri et al., 2011). MK is manufactured by calcining kaolin at 650–800◦C
to remove interlayer water and OH− resulting in the deterioration of long-range order of
silicon-aluminum layer structure (Murat and Comel, 1983; He et al., 1995; Badogiannis et al., 2005;
Rashad, 2013). AmorphousMKwith pozzolanic activity was obtained with formula of Al2O3·2SiO2

(Coleman and McWhinnie, 2000; Sabir et al., 2001; Love et al., 2007; Bich et al., 2009; Fernandez
et al., 2011). When MK was added into concrete, the compressive strength could be improved,
permeability, and porosity could be decreased and pore structure could be refined due to the filler
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effect, acceleration of hydration, and pozzolanic reaction with
CH to form C-S-H (Wild et al., 1996; Aquino et al., 2001;
Lagier and Kurtis, 2007; Gueneyisi et al., 2008; Shui et al., 2010;
Fernandez et al., 2011; Kadri et al., 2011). The compressive
strength increased with the content of MK, and the maximum
effect was reached at 28 days as observed by many researchers
previously (Justice and Kurtis, 2007; Khatib, 2008, 2009; Arikan
et al., 2009; Johari et al., 2011; Kadri et al., 2011; Antoni et al.,
2012; Li et al., 2015). The early age (before 24 h) autogenous

TABLE 1 | Chemical composition and physical properties of cement and

metakaolin used in this study.

Oxides (wt%) Cement MK

SiO2 19.05 57.37

Al2O3 4.15 38.63

Fe2O3 3.29 0.77

CaO 64.43 0.03

MgO 1.60 0.07

K2O 0.77 0.49

Na2O 0.09 0.39

SO3 3.32 0.15

TiO2 – 0.40

P2O5 – 0.61

Loss on ignition 2.43 1.04

Specific surface area (m2/kg) 437 2,800

Density (g/cm3) 3.05 –

Initial setting (min) 128 –

Final setting (min) 220 –

FIGURE 1 | Particle size distribution of MK.

shrinkage of concrete decreased with the increase of content
of MK due to the dilution effect of MK, although the long-
term autogenous shrinkage of concrete containing MK could be
higher than that of control specimen, due to the acceleration
of Portland cement hydration, and pozzolanic reaction by MK
with calcium hydroxide (Kinuthia et al., 2000; Brooks and
Johari, 2001). With the increase of MK addition, the drying
shrinkage of concrete could be significantly reduced by 50%,
comparing to the control specimen, due to the reduced amount of
evaporable water as a result of hydration, and pozzolanic reaction
(Brooks and Johari, 2001).

Due to the high specific surface area and small particle
size, there is a high tendency for MK particles to agglomerate,
resulting in the non-uniform properties of concrete when MK
was introduced as SCMs. The low stacking density of MK,
which is ∼1,500 kg/m3, reduced the capacity and efficiency of
transportation. Approximately over 40% ofMK particles is under
the size of 2.5µm, which could pollute the environment and
be harmful to the respiratory system of human. The authors’
preliminary study suggested non-uniform hydration products,

FIGURE 2 | XRD results of MK. The majority of metakaolin is amorphous.

TABLE 2 | Sand grading.

Size (mm) Weight of screen residue

(wt%)

4.75 6.7

2.36 16.4

1.18 37.8

0.60 62.7

0.30 88.6

0.15 99.2
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mechanical properties, and durability of concrete specimens with
MK addition, resulted from the uneven distribution of MK
particles after introducing into concrete due to the agglomeration
of MK particles. Some previous research also reported that
the agglomeration of MK reduced the pozzolanic activity of
MK, together with a lower compressive strength, different
microstructure and macrostructure of paste, and geopolymer
(Medri et al., 2010; Ilic et al., 2018).

In this study, aiming to improve the capacity and efficiency
of transportation, prevent the air pollution caused by MK
powder, reduce the agglomeration and improve the uniform
distribution of MK particles in mortar matrix and the properties
of mortar, MK was pre-dispersed in water as slurry before being
added in mortar to increase the density and homogeneity. A
range of analytical techniques was employed to characterize the
effect of pH of solution and water/MK ratio on the physical
properties and stability of dispersion of MK-water slurry,
and the effect of pre-dispersed MK slurry on the properties
and hydration of cement mortar was evaluated, together with
the improvement of distribution of MK particles in mortar
after pre-dispersing.

MATERIALS AND EXPERIMENTAL

Materials
In this study, ordinary Portland cement (OPC) (Huaxin Cement
Co. Ltd., China) was used MK was provided by Maoming
Kaolin Science and Technology Co. Ltd., China, with a specific
surface area of 2,800 m2/kg. Table 1 shows the chemical
composition and properties of OPC and MK. The particle size
distribution ofMK is shown in Figure 1, which was analyzed with
Malvern Mastersizer 2000 particle size analyser (Malvern, UK)
by dispersing in sodium hexametaphosphate solution. According
to X-ray diffraction (XRD) pattern in Figure 2, MK is mainly
amorphous. Fine aggregate is natural sand with an apparent
density of 2,640 kg/m3, stacking density of 1,458 kg/m3 and
fineness modulus of 2.91. The grading of fine aggregate is shown
in Table 2.

Experimental Details
Zeta Potential Test
MK-water colloidal dispersion was prepared with water/MK
ratio of 1,500 for zeta potential test under various pH value of
solution. The pH value of the MK-water dispersion was varied
by addition of HNO3 and NaOH. The pH value of MK-water
dispersion was measured by Inesa PHSJ-3F pH Meter (China).
Zeta potentials of MK particles in solution with various pH
value were conducted by Zeta-Meter System 3.0+ (USA). All
measurement was conducted under room temperature.

Bulk Density and Viscosity of MK-Water Slurry Test
The bulk density of MK-water slurry was measured by
adding water into MK powder with various water/MK ratio,
mechanically mixing the slurry with a ball miller for 30min,

FIGURE 3 | Zeta potential of MK-water dispersion in solution with different

pH value.

TABLE 3 | Mix design parameters (kg/m3).

Mix Cement Powder MK Pre-dispersed MK Sand Water Water/

(cement+MK) ratio

MK Water

Mortar M0 450.0 – – – 1,350 225 0.5

MMK5 427.5 22.5 – – 1,350 225 0.5

MMK10 405.0 45.0 – – 1,350 225 0.5

MDMK5 427.5 – 22.5 41.8 1,350 183.2 0.5

MDMK10 405.0 – 45 83.6 1,350 141.4 0.5

Paste P0 500.0 – – – – 250 0.5

PMK5 475.0 25.0 – – – 250 0.5

PMK10 450.0 50.0 – – – 250 0.5

PDMK5 475.0 – 25.0 46.4 – 203.6 0.5

PDMK10 450.0 – 50.0 92.9 – 157.1 0.5
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TABLE 4 | Zeta-potential of MK dispersion under various pH in solution with MK/water ratio of 1,500.

pH 1.5 2.6 3.5 6.5 8 10 11.5 12.2

Zeta-potential (mv) 16.6 13.7 9.26 −22.3 −42.0 −48.0 −50.0 −45.6

then measuring the weight, and volume of slurry. The viscosity
of MK-water slurry with various water/MK ratio was evaluated
by Brookfield R/S-SST (USA) with shear rate of 60 r/min. The
VANE rotor for the test was V40-20, the container used was
Griffin beaker of 600ml and the temperature was constant at
room temperature of 25± 5◦C.

Stability of MK-Water Slurry With Time
The stability of MK-water slurry with water/MK ratio of 1.86
was evaluated by the differences of viscosity at 0 h and 24 h after
mixing and the segregation of water from the slurry at 24 and 48 h
after mixing. The segregation of water was measured as follows.

One hundred milliliter of slurry was put in the measuring
cylinder aftermixing. The volume of water segregated from slurry
was recorded from the top of slurry after 24 and 48 h. The
measurement was performed under room temperature and no
vibration was applied.

Mix Design and Curing Conditions
The pre-dispersed MK slurry used in this study was with
water/MK ratio of 1.86. The mix design of mortar and paste
is shown in Table 3. OPC was substituted by 5 or 10 wt%
powder MK or pre-dispersed MK slurry in mortar and paste.
The water/binder ratio was 0.5 for all mortar and paste mixes.
Specimens were demoulded at 1 day and cured in a fog room
under standard moist curing condition with temperature of 20◦C
and relative humidity above 90%.

Compressive Strength and Porosity Test
For compressive strength test, the mortar and paste specimens
were cast into the size of 40 × 40 × 160mm. Nine specimens
from each mix were used for compressive strength test. The
compressive strength test was performed at 3, 7, and 28 days for
all mixes according to Chinese standard GB/T 50081-20021. The
results from all specimens were included for the calculation of
compressive strength and standard deviation. Porosity test was
conducted on paste specimens according to ASTM C642-132.

Phase Assemblage
XRD analysis was conducted on the paste specimens at 3 and
28 days. Crystalline minerals in freshly ground paste specimens
was characterized by Bruker D8 Advance with Cu Kα = 1.5406
Å, step size of 0.019◦, measuring time of 141.804 s/step, start
position 5◦ and end position 70◦. The obtained XRD pattern
was analyzed by PANalytical X’pert Highscore Plus software with
PDF2004 database.

1Standard for TestMethod ofMechanical Properties on Ordinary Concrete. Ministry
of Construction of the People’s Republic of China (2002).
2ASTM C642-13: Standard Test Method for Density, Absorption, and Voids in

Hardened Concrete. West Conshohocken, PA: ASTM International (2013).

FIGURE 4 | Density and viscosity of MK-water slurry under various

H2O/MK ratio.

Shrinkage
The shrinkage of mortar specimens was evaluated according to
Chinese standard JGJ/T70-20093. Mortar specimens were cast
into the size of 40 × 40 × 160mm and cured under standard
moist conditions for 7 days before demoulding, where cement
mortar without MK addition, cement mortar with 10 wt% MK
addition as dry powder and cement mortar with 10 wt% MK
addition as dispersed slurry were named as M0, MMK10, and
MDMK10, respectively. Then the initial length of specimens were
recorded and the specimens were cured under temperature of
20 ± 2◦C and relative humidity of 60 ± 5%. The lengths of
specimens were measured at 7, 14, 21, 28, 35, and 42 days after
demoulding. Three measurement were performed on each age.
The shrinkage was calculated by the following equation.

εt =
L0 − Lt

L− Ld
(1)

Where εt is the shrinkage of mortar at t days, L0 is the length
of specimen at demoulding (mm), L is the standard length of
160mm, Ld is the length of test head in the mortar (mm), and
Lt is the length of specimen at t days (mm).

Coefficient of Variation of Compressive Strength
The coefficient of variation (Cv) is a standardized measure of
dispersion of a probability distribution. It is defined as the ratio

3JGJ/T70-2009: Standard for Test Method of Performance on Building Mortar.
Beijing: Ministry of Housing and Urban-Rural Development of People’s Republic
of China (2009).
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of the standard deviation (SD) to the mean (µ), as follows.

Cv =
SD

µ
(2)

In this study, the coefficient of variation was used to express
the distribution of compressive strength test results of mortar
specimens of M0, MMK10, and MDMK10 at 28 days. Eighteen
specimens were tested for each mix. The mean value, standard
deviation and coefficient of variation were calculated to assess
the distribution of MK particles in mortar matrix. The results
from all specimens were included for the calculation of mean
value, standard deviation, and coefficient of variation, to evaluate
the homogeneity.

RESULTS AND DISCUSSION

Stability of MK-Water Dispersion Under
Various pH
Zeta potential is a key indicator of the stability of colloidal
dispersion. The magnitude of zeta potential indicates the
electrostatic repulsion between adjacent, similarly charged
particles in the dispersion, with a higher zeta potential
indicating better stability, and less aggregation. According to the
relationship between zeta potential and pH value of MK-water
dispersion with water/MK ratio of 1,500 observed in this study
(Figure 3 and Table 4), zeta potential of MK-water dispersion
significantly decreased with the increase of pH of solution, from
16.4 to −48.2mV when pH increased from 1.5 to 10. The
concentration of OH− increases with pH value, providing more
OH− available to attach to the surface of metakaolin particles,
resulting in the continuous decrease of zeta potential to∼-40mV
at pH of 8, indicating that the MK-water dispersion was stably
dispersed. In solution of pH over 10, pozzolanic reaction of
MK will take place, which is not beneficial for the purpose of
storage and dispersion of metakaolin for construction. Severe
aggregation was observed when pH was more than 10 in this
study, indicating the activation of MK due to the pozzolanic
reaction (He et al., 1995). Considering the stability of dispersion
of MK slurry, dispersing MK with water, which has a pH value
of 7, should result in a stable dispersion without pozzolanic
reaction. In this study, de-ionized water was used for dispersing
at pH of 7.

Bulk Density and Viscosity Under Various
Water/MK Ratio
To improve the bulk density of MK slurry and distribution of
MK in mortar, MK-water slurry with water/MK ratio of 0–2.5
were prepared and the bulk density and viscosity were evaluated.

According to the results shown in Figure 4, the bulk density
of MK slurry rapidly increased with the addition of water due
to the decrease of distance between particles by surface tension
force of water and filling of water between particles, reaching the
maximum of 665.2 kg/m3 at water/MK weight ratio of 1.0, where
the packing ofMK particles reached the closest packing. Then the
bulk density of MK slurry gradually decreased with the increase
of water/MK ratio, due to the increase of distance between MK
particles by continuous addition of water.

The viscosity was measured at water/MK ratio over 1.3, where
the bulk density of MK slurry started to decrease (Figure 4 and
Table 5). The viscosity decreased rapidly with the increase of
water/MK ratio, from 693.5 mPa·s at water/MK ratio of 1.25 to
30.0 mPa·s at water/MK ratio of 1.85. To obtain a low viscosity
and relative highMK content, water/MK ratio of 1.86 was chosen
to evaluate the effect of pre-dispersedMK slurry on the properties
and hydration of cement mortar in this study.

The stability of MK-water slurry with water/MK ratio of 1.86
was evaluated. The viscosity of MK slurry increased from 28.6
mPa·s at 0 h after mixing to 49.3 mPa·s at 24 h after mixing. The

FIGURE 5 | Compressive strength of mortars with powder MK, pre-dispersed

MK, and per-dispersed MK settled for 1, 2, and 4 days before addition.

TABLE 5 | Density and viscosity of MK slurry under various water/MK ratio.

Water/MK 0.00 1.00 1.25 1.43 1.54 1.67 1.85 2.00 2.50

Density (kg/m3) 287.5 665.2 600.8 537.3 529.7 474.5 437.2 408.2 338.3

Viscosity (mPa·s) – – 693.48 198.48 123.04 60.65 30.00 21.96 15.22
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water segregation ofMK slurry was 4.7ml water per 100ml slurry
at 24 h after mixing and 8.2ml water per 100ml slurry at 48 h
after mixing.

Compressive Strength
The compressive strength of specimen M0, MMK10, MDMK10
at 3, 7 and 28 days were shown in Figure 5 and Table 6. For
MDMK10 specimens, the pre-dispersed MK slurry was added
in mortar after preparing or settling for 1, 2, and 4 days,
respectively. Comparing to the compressive strength of M0
specimen, by addition of 10 wt% powder MK, the compressive
strength increased by 29.4, 51.6, and 24.7% at 3, 7, and 28 days,
respectively. Comparing the compressive strength of mortar with
pre-dispersed MK with those with powder MK, pre-dispersing of
MK did not hinder the effect of MK on the compressive strength
of mortar. At 28 days, the compressive strength of mortar with
pre-dispersed MKwas slightly higher than that with powder MK.
With a pH value of 7, water could not activate MK, which was
activated later by calcium hydroxide formed during the hydration
of cement in mortar. The improvement of compressive strength
of mortar by MK was due to the accelerated hydration of cement,
filler effect, and pore structure refinement by MK, as reported in
previous studies (Li et al., 2015).

Comparing with the compressive strength of mortar with
non-settled pre-dispersed MK specimen, the settlement of pre-
dispersed MK up to 4 days did not alter the effect of MK
on the compressive strength of mortar with pre-dispersed MK,
indicating that there was no reaction between water and MK
during settlement up to 4 days and MK particles were stably
dispersed in water as being suggested by results from zeta-
potential test under various pH values.

Porosity
The porosity of paste specimens is shown in Figure 6 andTable 7,
together with the relationship between porosity and compressive
strength. For the pastes with powder or pre-dispersed MK
addition, the compressive strength and porosity did not alter
much at 3 days, comparing to that of the control specimen
P0. However, at 7 and 28 days, while the porosity was slightly
lower than that of the control specimen at the same age, the
compressive strength greatly increased with ages, comparing to
those of the control specimen P0. There is a linear relationship
between the compressive strength and porosity of mortar for
each group, where the compressive strength increased with the
decrease of porosity, which is similar to previous studies (Frias
and Cabrera, 2000). Although the relationship between porosity
and compressive strength kept linear for the control, powder
MK and pre-dispersed MK specimens, these results indicate

that the pore structure was refined through addition of powder
or pre-dispersed MK while the porosity did not change much.
The relationships between porosity and compressive strength of
powder and pre-dispersedMK specimens were similar, indicating
that the pore structure refinement effect of MK was not affected
by pre-dispersing MK in water. It is notable that the relationship
is valid in the porosity range of 28–46% in this study. When the
porosity is close to 0, the relationship could be invalid.

Hydration Products
The crystalline phases of paste specimens were characterized
by XRD (Figure 7). According to these results, the hydration
products of ettringite, Portlandite, calcite, hemicarboaluminate
(Hc), and monocarboaluminate (Mc) were identified for P0,
PMK10, and PDMK10 specimens at 3 and 28 days, except for
P0 at 3 days, where monocarboaluminate was not identified. The
hydration products identified were similar to those from previous
studies (Frias et al., 2012; Gameiro et al., 2012; Tironi et al.,
2013). The intensity of peaks attributed to monocarboaluminate

FIGURE 6 | Relationship between the compressive strength and porosity of

cement paste, pastes with powder MK, and pre-dispersed MK. Specimens

with a porosity of ∼45% were cured for 3 days, those with a porosity of

35–42% were cured for 7 days and those with a porosity of 25–35% were

cured for 28 days.

TABLE 6 | Compressive strength of mortar specimens (MPa).

Age (day) M0 MMK10 MDMK10 non-settle MDMK10 settle for 1 day MDMK10 settle for 2 days MDMK10 settle for 4 days

3 24.5 ± 4.6 31.7 ± 5.8 33.2 ± 4.8 29.6 ± 5.0 30.1 ± 4.9 33.6 ± 5.3

7 33.9 ± 4.4 51.4 ± 6.4 53.4 ± 5.3 51.5 ± 5.6 52.4 ± 5.4 49.9 ± 4.9

28 48.9 ± 3.8 61.0 ± 6.2 64.0 ± 4.2 65.5 ± 5.8 65.6 ± 5.3 65.3 ± 5.7
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TABLE 7 | Compressive strength with standard deviation and porosity of paste specimens.

Age (day) P0 PMK5 PMK10 PDMK5 PDMK10

COMPRESSIVE STRENGTH (MPa)

3 18.6 ± 2.5 20.6 ± 3.0 21.2 ± 3.1 20.1 ± 2.8 21.2 ± 2.7

7 27.2 ± 2.8 35.0 ± 3.6 40.0 ± 3.8 35.6 ± 3.4 49.9 ± 3.2

28 40.0 ± 3.1 60.1 ± 4.3 63.1 ± 4.5 62.4 ± 4.2 67.4 ± 3.8

POROSITY (%)

3 45.58 46.13 45.49 45.73 45.25

7 40.88 40.38 39.61 40.33 39.16

28 31.55 30.57 29.41 30.53 28.92

increased with age for P0, PMK10, and PDMK10 specimens,
indicating the increase of content of monocarboaluminate with
age. The intensity of peaks of these hydration products was
similar in PMK10 and PDMK10 specimens at the same age,
indicating that the effects of powder MK and pre-dispersed MK
on the hydration of cement were similar and the effects of MK
on cement hydration were not hindered by dispersing in water,
as being indicated by the compressive strength and porosity tests.
The reason is thatMKwas not activated by water, with a pH value
of 7. There was no reaction between water and MK observed.

Shrinkage
The shrinkage of mortar was evaluated and the results are
shown in Figure 8 and Table 8. The shrinkage of mortar
was reduced at all ages through addition of powder MK,
due to the refined pore structure of mortar by addition of
MK, as indicated by previous studies (Li and Yao, 2001),
which suggested that the reduced shrinkage by MK addition
can be attributed to the lower amount of evaporable water
available due to the hydration and pozzolanic reaction of
cement and MK. At 28 days, the shrinkage was reduced
by 21%, which was similar to previous studies (Brooks and
Johari, 2001; Khatib, 2008; Guneyisi et al., 2010, 2012; Cheng
et al., 2016). Pre-dispersing of MK reduced the shrinkage of
mortar by 41% at 28 days, due to the internal curing effect
by water stored in the interlayer of MK during the pre-
dispersing process.

Distribution of MK in Mortar Matrix
Preliminary study showed that the agglomeration of MK in
mortar or concretematrix resulted in the non-uniform properties
or hydration degree of mortar or concrete. In this study, the
distribution of MK particles of powder or pre-dispersed MK
were evaluated by coefficient of variation of compressive strength
results of 18 specimens from each mortar mix at 28 days. The
variation of coefficient is unit-less and represents the distribution
of results. The variation of coefficient of results with different
mean value can be compared, unlike the standard deviation.
The compressive strengths with the range of results, standard
deviation, and coefficient of variationwere shown in Figure 9 and
Table 9 for M0, MMK10, and MDMK10 at 28 days. According
to these results, the compressive strength of mortar improved
by MK addition, and pre-dispersing of MK further improved

FIGURE 7 | XRD patterns of cement paste, pastes with powder or

pre-dispersed MK at 3 and 28 days. Tricalcium silicate, calcite, Portlandite,

monocarboaluminate (Mc), hemicarboaluminate (Hc), and ettringite were

identified from these specimens.

the compressive strength, as discussed above. Comparing to
that of the control specimen, the range of compressive strength
of specimens from the same mix significantly increased by
addition of powder MK and slightly increased by addition of
pre-dispersed MK. Similar to the range of compressive strength,
standard deviation (SD) of compressive strength was greatly
increased by powder MK and slightly increased by pre-dispersed
MK, comparing to that of control specimen. The coefficient of
variation (Cv), which indicates the evenness of distribution of
MK particles, shown as the size of circle in Figure 9, significantly
increased by powder MK addition and approximately doubled by
pre-dispersingMK addition, comparing to that of M0 specimens.
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These results suggest that the particle of powder MK distributed
unevenly in the mortar and pre-dispersing of MK by water
improved the uniformness of distribution of MK particles in
mortar. As indicated by the zeta-potential of dispersed MK
slurry, pre-dispersing improved the distribution of MK particles
in slurry, and formed a stable dispersing system. Viscosity was
also significantly improved through dispersing in water, so as
to improve the uniformness of distribution of MK particles
in mortar during mixing, although the hydration of cement
and MK was not affected by pre-dispersing, as indicated by
XRD results.

CONCLUSIONS

The effects of dispersing MK in water on the properties
of MK, the properties and hydration of mortar and
the distribution of MK particles in mortar were
characterized by a range of analytical techniques.
According the results, the following conclusions can
be drawn.

FIGURE 8 | Shrinkage of cement mortar, and mortar with powder or

pre-dispersed MK up to 42 days.

Zeta-potential of MK-water dispersion significantly decreased
with the increase of pH of solution, with zeta-potential of
∼-40mV at pH of 8, indicating a stable dispersion, due to
more OH− attachment on the surface of MK particles without
activation of MK.

During the addition of water, the bulk density of MK-water
slurry firstly rapidly increased with water/MK ratio, due to the
decrease of distance between MK particles by surface tension
force of water and filling of spaces between particles by water.
The maximum bulk density was 665.2 kg/m3 at water/MK ratio
of 1.0, indicating the closest packing of MK particles. Then the
bulk density gradually decreased with the increase of water/MK
ratio, due to the increase of distance between MK particles
by continuous addition of water. Viscosity of MK-water slurry
decreased rapidly with the increase of water/MK ratio.

FIGURE 9 | Compressive strength of cement mortar, and mortar with powder

or pre-dispersed MK. The results are shown as mean value of 18 specimens

of each mix, range of results (fc-max and fc-min), standard deviation and

coefficient of variation (size of circle).

TABLE 8 | Shrinkage of mortar specimens (×10−6).

Age (day) 0 7 14 21 28 35 42

M0 0 364 615 771 812 833 802

MMK10 0 235 410 510 503 462 458

MDMK10 0 283 522 615 635 622 614
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TABLE 9 | Average value, standard deviation, range, and coefficient of deviation of compressive strength at 28 days by calculating 18 specimens.

Specimen Compressive strength (MPa) SD (MPa) fc-max (MPa) fc-min (MPa) Cv

M0 48.9 3.8 55.2 40.7 0.0398

MMK10 61.0 6.2 70.6 46.3 0.0795

MDMK10 64.0 4.2 72.2 55.4 0.0524

Both powder MK and pre-dispersed MK increased
the compressive strength of mortar. There was linear
relationship between the compressive strength and
porosity of mortar. Neither pre-dispersing MK in water
nor settlement of pre-dispersed MK slurry hindered the
effect of MK on the compressive strength. Pre-dispersing
MK in water slightly decreased the porosity of mortar,
comparing to that with powder MK. The hydration
products were not affected by pre-dispersing MK in
water. Addition of powder MK reduced the shrinkage of
mortar, which was reduced further by pre-dispersing MK
in water.

Comparing to powder MK, pre-dispersed MK improved
the uniformed distribution of MK particles in mortar
according to the range, standard deviation, and coefficient
of variation of compressive strength results, due to
the stable dispersing of MK particle in pre-dispersed
MK slurry.
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