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� Metakaolin is applied to mitigate the autogenous shrinkage of alkali-activated slag and fly ash.
� The reaction products and microstructures are characterized investigated.
� Mechanical properties of the paste are studied.
� Metakaolin has a promising potential to be used as an additive in alkali-activated slag and fly systems.
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The high autogenous shrinkage of alkali-activated materials made from slag and fly ash is recognised as a
major drawback with regard to the use as construction materials. In this study, metakaolin was intro-
duced into the alkali-activated slag-fly ash (AASF) paste to mitigate the autogenous shrinkage. The
shrinkage mitigation mechanism of metakaolin was explained by studying the influences of metakaolin
on the microstructure, shrinkage related properties, and mechanical properties of AASF paste. It was
found that adding metakaolin could significantly reduce the chemical and autogenous shrinkage of
AASF paste. This shrinkage mitigation is accompanied by a decrease in the alkalinity of AASF paste pore
solution, a reduced drop in internal relative humidity, and an increase in porosity of AASF paste.
Moreover, the incorporation of metakaolin does not change the type of the reaction products, but greatly
delays the formation of the reaction products of AASF paste. The addition of metakaolin, above 5% of the
binder, results in lower 28-day compressive and flexural strength of AASF paste.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Alkali activated materials (AAMs) are promising as a desirable
alternative to ordinary Portland cement (OPC). In addition to the
superior strength and durability, one of the most important advan-
tages of AAMs is the lower CO2 emission and the less energy con-
sumption involved in the production of AAMs in comparison with
OPC [1–3].

A wide range of aluminosilicate materials that are reactive in
alkaline environments can be used as precursors to synthesise
AAMs [4,5], among which, blast furnace slag and coal fly ash are
the most widely utilised industrial by-products. Two types of fly
ash have been used for AAMs production, namely high-calcium
(Class C) fly ash and low-calcium (Class F) fly ash [6]. Compared
with Class C fly ash, Class F fly ash (reactive CaO � 10%), due to
its wider availability, is more intensively studied in the world
and the AAM paste synthesized from Class F fly ash usually exhibits
better volume stability [7]. NaOH and/or Na2SiO3 are usually used
as the activator [8]. Alkali activators with the modulus (SiO2/Na2O)
in the range of 0.5–1.5 are found to promote the formation of a
dense microstructure, resulting in high strength for slag and fly
ash-based AAMs [9].

Much research has been conducted to investigate the properties
of NaOH and/or Na2SiO3 activated slag and fly ash materials, espe-
cially their mechanical properties and durability [10,11]. The
alkali-activated slag normally shows high strength at ambient
temperature [12]. Alkali-activated fly ash systems, by contrast,
have very slow strength development at ambient temperature.
However, slag-based AAM systems usually set rapidly [13]. It has
been reported that the alkali-activated slag and fly ash blended
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systems show reasonable setting time and good mechanical prop-
erties. Therefore, alkali-activated slag and fly ash blends are con-
sidered to be more promising for widespread use in engineering,
compared with AAMs made from sole slag or fly ash [12,14].

Despite the good durability and mechanical properties of alkali-
activated slag-fly ash (AASF), this material usually shows large
autogenous shrinkage [15,16]. Autogenous shrinkage is a serious
issue for construction materials since it can induce internal tensile
stress and consequently micro- or macro- cracking of the concrete.
To widen the application of this eco-friendly binder material, the
issue of high autogenous shrinkage has to be addressed.

It has been reported that the shrinkage reducing agent (SRA),
expansive additive, and nano-additive that are widely used in
OPC are not functional or even can cause side effects (e.g. strength
loss) when used in AAMs [17–21]. According to Li et al. and Tu et al.
[22,23], internal curing with superabsorbent polymers (SAPs) is
effective in mitigating the self-desiccation-induced autogenous
shrinkage. However, self-desiccation might not be the sole mecha-
nism of the autogenous shrinkage of AAMs [24,25]. It was found
that AASF paste can show a considerable amount of shrinkage even
under a humidity of 100%, especially at the very early age [24].
That part of shrinkage was related to the fast reaction in the accel-
eration period and the densification of the pore structure [24].
Metakaolin (MK) as an aluminosilicate material is very reactive
upon alkali activation. It has been found that MK can alter the reac-
tion kinetics and microstructure of AAMs made from slag and fly
ash [26,27]. Therefore, the addition of MK into AASF systems
may mitigate the autogenous shrinkage induced by self-
desiccation and other mechanisms. However, this aspect was not
considered in previous studies [27–31].

To comprehensively investigate the mitigation effects of MK,
the autogenous shrinkage of AASF was considered as two parts,
the autogenous shrinkage subjected to self-desiccation (edesic) and
the shrinkage induced by other mechanisms. The later one can
be measured as the shrinkage under saturated condition (esatur).
To explain the underlying mechanism, the reaction kinetics, reac-
tion products, pore solution, and pore structures of AASF paste
with different amounts of MK were firstly characterised. The influ-
ence of MK on the chemical shrinkage and the internal relative
humidity (RH), which reflects the extent of self-desiccation, were
then studied [32]. The elastic modulus of the paste was measured
to reflect the resistance to shrinkage [33,34]. Finally, the mechan-
ical strength of the pastes was measured. The outline of this study
is shown in Fig. 1.
2. Materials and methods

2.1. Raw materials and mixture design

The raw materials used in this paper were granulated blast-
furnace slag, Class F fly ash and MK. The chemical compositions
of the raw materials are shown in Table 1. The mean particle size,
d50, of slag, fly ash and MK, was 18.3 lm, 48.1 lm, and 69.4 lm,
respectively. Slag, fly ash and MK had a density of 2.9 g/cm3,
2.4 g/cm3 and 2.7 g/cm3, respectively.

The alkaline activator was prepared by mixing anhydrous pel-
lets of sodium hydroxide with deionised water and commercial
sodium silicate solution (27.5 wt% SiO2 and 8.25 wt% Na2O). The
paste mixtures are shown in Table 2. In AASF pastes, slag was
replaced by MK at 10 wt% and 20 wt%. This is because introducing
more than 20 wt% of MK in AASF system could lead to considerable
strength loss according to [27]. The fly ash content was kept at
50 wt% of the binder.

The paste was mixed in a 5 L epicyclical Hobart mixer. The raw
materials were premixed for 1 min before the activator was added.
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The paste was mixed at low speed for 1 min during the addition of
activator. Afterwards, the material on the side of the spot was
scraped down and the paste was mixed at high speed for another
2 min. The paste for microstructure characterisation was cast into
small plastic bottles (diameter of 30 mm and height of 50 mm) and
only the core part of the sample was used. The paste for all tests
was subject to 2 times of vibration for 30 s each during casting
to remove the air bubbles. The curing temperature of the samples
was 20� C. All the samples in this paper were sealed during curing.

2.2. Experimental methods

2.2.1. Microstructure characterisation
The pastes were ground into powders and the reaction was

stopped by solvent exchange method at 1 day and 7 days [35].
X-ray diffraction (XRD) was performed to detect the possible crys-
tals formed in the paste. A Philips PW 1830 powder X-ray diffrac-
tometer, with Cu Ka (1.5406 Å) radiation, tube setting of 40 kV and
40 mA, a step size of 0.030� and a 2h range of 5–70�, was used to
perform the test. The chemical bonds formed within the reaction
products were determined by Fourier transform infrared spec-
troscopy (FTIR) using a Spectrum TM 100 Optical ATR-FTIR spec-
trometer over the wavelength range of 600 cm�1 to 4000 cm�1.
The resolution of the measurement was 4 cm�1.

The reaction heat flow of the pastes was measured by isother-
mal calorimetry using a TAM Air conduction calorimeter. The tem-
perature during the experiment was controlled to be 20 ± 0.02 �C.
The detailed procedure can be found in [22]. Both the heat flow and
cumulative heat were normalised by the mass of the binder.

Nitrogen absorption is able to detect small pores (from 0.2 to
200 nm) in the paste. The pastes cured for 1 day, 7 days and 28 days
were crushed into small pieces (2–4 mm) and the reaction was
stopped by solvent exchange method [35]. The relative pressure
ranged from 0.05 to 0.99. The isotherms was obtained based on
Barrett-Joyner-Halenda models (BJH) [36].

The pore solution of hardened pastes cured for 1 day and 7 days
was extracted using the steel-die method. The obtained pore solu-
tion was then diluted using nitric acid (0.2 vol%). The diluted solu-
tions were analysed through a PerkinElmer Optima 5300DV ICP-
OES spectrometer, by which the elemental concentrations of Na,
Ca, Si and Al were determined. The concentration of OH– in the
pore solution was measured by titration against hydrochloride acid
(0.1 M). Phenolphthalein was used as the indicator. The average
results of three replicates for each sample are presented.

2.2.2. Chemical shrinkage and autogenous shrinkage measurements
Gravimetry was used to measure the chemical shrinkage of the

pastes as suggested by [37]. Three replicates were tested for each
mixture.

The autogenous shrinkage of the paste was measured by the
corrugated tube method according to ASTM C1968 [38]. The
shrinkage under saturated condition (esatur) was measured by a
modified corrugated tube method [39,40]. The detailed procedures
of the measurements can be found in [24].

2.2.3. Internal RH measurement
Measurements of internal RH in AASF paste were performed by

Rotronic hygroscopic DT stations [41]. The dimension of the sam-
ple container was 30 mm. The paste was crushed into small pieces
around 0.5 cm3 and the pieces were immediately inserted into the
hermetic measuring chambers. For the measurement of the RH of
the pore solution, the same sensors were used. Two measurements
for each sample were conducted simultaneously at two different
HC2-AW measuring cells. The nominal accuracy of the sensors
was reported to be within ±1% RH [42]. Calibration of the sensors



Fig. 1. Outline of this study.

Table 1
Chemical compositions of the raw materials.

Oxide (wt. %) CaO Al2O3 SiO2 MgO Fe2O3 SO3 K2O TiO2 Other LOI

Slag 40.5 13.3 31.8 9.3 0.5 1.5 0.3 1.0 0.5 1.3
FA 4.8 23.8 56.8 1.5 7.2 0.3 1.6 1.2 1.6 1.2
MK 0.6 38.4 55.1 – 2.6 – 0.2 1.1 0.1 1.9

LOI = Loss on ignition.

Table 2
Mixture design of AASF pastes with different contents of MK.

Slag (g) Fly ash (g) MK (g) SiO2 (mol) Na2O (mol) H2O (g)

S50F50 500 500 – 1.146 1.5 420
S45F50MK5 450 500 50 1.146 1.5 420
S40F50MK10 400 500 100 1.146 1.5 420
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was conducted regularly using three standard salt solutions with
equilibrium RH at 65%, 80%, and 95%.
2.2.4. Mechanical properties
The elastic modulus of the pastes was tested by a Tonibank

Instron. Paste prisms with the size of 40� 40� 160 mm3 were pre-
pared and cured for 1 day and 7 days, before the measurement.
Samples were subjected to a load with a constant rate at
0.004 mm/second [43]. The load was controlled and recorded by
the Instron, while the displacement was monitored by four trans-
ducers (LVDTs) on each side of the prismatic sample. The results
were obtained with three replicates for each mixture at each age.
3

The flexural and compressive strength of the pastes at the age of
1 day, 7 days, and 28 days were measured according to NEN 196-1
[44].
3. Results and discussion

3.1. Microstructure evolution

3.1.1. XRD analysis
Fig. 2 shows the XRD patterns of the precursors and AASF pastes

at curing ages of 1 day and 7 days. Slag was mainly amorphous,
while fly ash and MK contained a large amount of crystals. The



Fig. 2. XRD of AASF pastes cured for (a) 1 day and (b) 7 days, in comparison with the precursors (slag, fly ash and MK). M, Q and H stand for mullite, quartz and hematite,
respectively.
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crystalline phases in fly ash were mullite ((Al2O3)1.136(SiO2)0.728),
quartz (SiO2) and hematite (Fe2O3). MK contained only quartz
(SiO2). The crystalline phases identified in the pastes were from
fly ash and MK. Little new crystal was formed within the 7 days
of curing. Besides the peaks for crystals, the spectra for the pastes
show main bands at 29� (marked by the dashed line), which indi-
cates the formation of C-A-S-H type gel [45]. The intensity of the
main band of the paste increases with the curing time, but
decreases as the content of MK increases, indicating a lower
amount of reaction products due to the incorporation of MK.

3.1.2. FTIR analysis
Fig. 3 shows the FTIR spectra of AASF pastes with different

amounts of MK. Several bands can be recognised in the spectra
(marked by the dashed lines). The main band at 950 cm�1 is attrib-
uted to the asymmetrical stretching vibration of Si–O bonds gener-
ated in Q2 units, which is a typical structure of aluminosilicate
chains contained in C-A-S-H type gel [46–48]. The band at around
815 cm�1 is representative of Si–O symmetric stretching vibrations
generated by Q1 [47]. The bands at around 895 cm�1 and 660 cm�1

are associated with the deformational vibrations of Si-O-T (T = Si or
Al) [46,47].

The same locations of the bands (660, 815, 895, 950, etc. cm�1)
detected in different pastes indicate that the same type of reaction
product, C-A-S-H gel, was formed in the pastes, irrespective of the
presence of MK. The bands at 895 cm�1, 815 cm�1, and 660 cm�1

become less intensive with the incorporation of MK, indicating that
the amount of reaction products decreased when more MK was
present in the paste. This is in line with the XRD results and the
results of [27,49].

3.1.3. Heat flow and setting time
The heat flow curves of AASF pastes with different contents of

MK are shown in Fig. 4 (a). The initial peak which occurred imme-
diately after the samples were put into the cells corresponded to
the initial reactions (mainly dissolution) of the raw materials. After
a short dormant period, the main peak appeared, representing the
formation of a large amount of reaction products. The main (sec-
ond) peak corresponded to the acceleration period, the starting
time of which is marked by the dashed line in Fig. 4 (a). When slag
was replaced by MK, the magnitude of the main peak became
4

lower and the main peak appeared later. For S40F50M10 mixture,
the main peak can even hardly be distinguished. The cumulative
heat released by the pastes is shown in Fig. 4 (b). AASF pastes
released similar heats during the first 5 h. After that, the paste with
more MK showed lower heat release. These results indicate the
presence of MK can significantly reduce the early-age reaction rate
and slightly reduce the total reaction degree of AASF paste. Similar
effects of MK were also found for AAS paste [27].

The Vicat setting time results are shown in Table 3. The incorpo-
ration of 5% of MK in the binder led to prolonged initial and final
setting time, by 15 min and 38 min, respectively. The effect of a
higher dosage of MK did not have pronounced further effects on
the setting time of the paste.

According to the results of [22,24,50], the shrinkage of AAMs
paste in the dormant period is mainly viscous/plastic deformation,
which does not generate stress when the material is restrained.
The start of the acceleration period of heat flow tested by calorime-
ter has been suggested more proper as zero time of the autogenous
shrinkage of AAMs than the final setting time tested by Vicat.
Therefore, the starting times of the acceleration period (4.5 h,
7.5 h and 9.5 h for S50F50, S45F50MK5 and S40F50MK10, respec-
tively, see Fig. 4 (a)) were used as zero times of the autogenous
shrinkage in this paper, as will be shown in section 3.2.
3.1.4. Pore solution compositions
Fig. 5 shows the elemental/ions concentrations in the pore solu-

tions of AASF pastes. The concentrations of Na+ and OH– in the pore
solutions of S45F50MK5 and S40F50MK10 were lower than those
in S50F50 at 1 day and 7 days, although the same activator was
used for these mixtures. This indicates that the dissolution and
the reaction of MK consumed more Na+ and OH– than those of slag
and fly ash [51]. The concentration of Ca was reduced with the
presence of MK, especially at the age of 1 day. The reduction frac-
tion in Ca was around 30% and 55% for 5% and 10% incorporation of
MK, respectively. Therefore, the reductions were not simply due to
the lower contents of slag. The dissolution of slag was likely hin-
dered due to the presence of MK at the early age. This hypothesise
is in line with the calorimetry results (Fig. 4 (a)). Fig. 5 (c) shows
that more Si and Al existed in the pore solution of AASF paste with
MK, especially at the early age. This was probably contributed by



Fig. 3. FTIR spectra of AASF pastes cured for (a) 1 day and (b) 7 days.

Fig. 4. (a) heat flow and (b) accumulative heat of AASF pastes.

Table 3
Setting times (in min) of AASF pastes.

Mixtures Initial setting Final setting

S50F50 117 175
S45F50MK5 132 213
S40F50MK10 133 223
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the dissolution of MK whose main chemical compositions were
Al2O3 and SiO2 [52].

The differences in the concentrations of ions in different mix-
ture became less evident at 7 days than at 1 day. This is consis-
tent with the FTIR and calorimetry results, which showed that
the three AASF systems had similar final reaction products (C-
A-S-H gel) and similar overall reaction degrees at the age of
7 days, respectively.
3.1.5. Pore structure
The pore size distribution and differential curves of AASF pastes

with different amounts of MK are shown in Fig. 6. The pore sizes
detected by N2 adsorption ranged from 2 nm to around 200 nm.
The pores detected at 1 day and 7 days in the paste mainly
belonged to capillary pores (>10 nm). The critical pore size was lar-
ger than 200 nm, beyond the measuring range of N2 adsorption.
This indicates that a dense pore structure had not formed in AASF
5

paste yet. A larger pore volume of pore size less than 200 nm is
observed for the paste with MK especially at the age of 1 day.

At the age of 28 days, the paste with more MK showed a larger
pore volume, as illustrated in Fig. 6 (e). Fig. 6 (f) shows that the
pastes had similar characteristic pores at around 4 nm, which cor-
responded to gel pores (2 nm-10 nm [53]). Therefore, it appears
that the incorporation of MK resulted in a larger porosity mainly
by increasing the number of pores rather than enlarging the critical
pore size. Very few capillary pores were detected in the pastes at
28 days, indicating that a dense microstructure had formed in all
the paste mixtures.

In general, introducing MK led to a larger porosity in AASF
pastes, irrespective of the curing age.

3.1.6. Summary of the impacts of MK on reaction kinetics and
microstructure of AASF

Figs. 2 and 3 show that C-A-S-H gel was the main reaction
product in blended slag and fly ash system, irrespective of the
presence of MK. Little N-A-S-H type gel was found in MK-
containing pastes, despite the higher contents of Si and Al.
Fig. 4 shows that the reaction rate became lower after adding
MK. The dissolution of slag and fly ash and the formation of
reaction products were retarded. This is because the dissolution
of MK consumes OH–, which is essential for the dissolution of
slag. As a result, the content of Ca2+ dissolved from slag
decreases (see Fig. 5). Moreover, the dissolution of MK releases



Fig. 5. Concentrations of Na+ and OH– (a), Ca (b), Si and Al (c) in the pore solutions of AASF pastes.
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extra Si and Al, which reduce the formation rate of CASH gels
(Fig. 4) [54–59]. Therefore, the amount of reaction products
formed at the early age decreases. The incorporation of MK also
prolonged the setting time of AASF paste, as shown in Table 3.
Due to the lower reaction rate and the less amount of reaction
products formed, a larger porosity was induced for MK-
containing pastes, as shown in Fig. 6.
3.2. Autogenous shrinkage

The autogenous shrinkage results are shown in Fig. 7. It can be
seen that the plain AASF paste shrank rapidly after the final set.
Substituting slag with MK led to a reduction of autogenous shrink-
age. If the curves were started at the final setting time, the autoge-
nous shrinkage of S40F50MK10 was 65% and 24% lower than the
one of S50F50, at 1 day and 7 days, respectively. Fig. 7 (b) shows
the autogenous shrinkage curves, where the starting time of the
acceleration period is set as time zero. It can be seen that the
shrinkage-mitigating effect of MK was slightly more pronounced
than that illustrated in Fig. 7 (a). In the later analysis of this study,
only the start of the acceleration period is used as the time-zero of
the autogenous shrinkage.

According to [24], the self-desiccation is not the exclusive
mechanism of the autogenous shrinkage of AASF. There is a part
of the autogenous shrinkage that is irrelevant to the internal RH,
especially in the acceleration period [24]. This finding was
confirmed by the results reported in [60], which showed a limited
mitigating effect of internal curing on the autogenous shrinkage
of AASF in the very early age. Hence, it is assumed that the
autogenous shrinkage of AASF consists of two parts, as shown in
Equation (1).
6

eas ¼ edesic þ esatur ð1Þ
where eas is the autogenous shrinkage of the paste; edesic is the part
of the autogenous shrinkage that is induced by self-desiccation;
esatur is the part of the autogenous shrinkage that is irrelevant to
internal RH and can be measured in saturated condition.To under-
stand the effects of MK on the autogenous shrinkage of AASF, the
effects of MK on these two parts of autogenous shrinkage need to
be investigated separately, as presented in the following sec-
tions.3.2.1. Shrinkage under saturated condition

The shrinkage of AASF pastes under saturated condition is
shown in Fig. 8, in comparison with the total autogenous shrinkage
as shown in Fig. 7 (b). It can be seen that all pastes showed a cer-
tain amount of shrinkage in the saturated condition, especially at
the very early age. This phenomenon was not observed in OPC
based systems, which would show expansion under saturated con-
ditions due to the formation of expansive crystalline phases
[61,62]. After the acceleration period, the development of esatur
became stable probably due to the lowered reaction rate (see
Fig. 4). At the age of 1 day, the incorporation of 5% and 10% MK
resulted in lower esatur by 24% and 60%, respectively. The significant
reductions on the esatur by MK contributed to the overall mitigation
of the autogenous shrinkage at the early age.

3.2.2. Shrinkage induced by self-desiccation
The shrinkage induced by self-desiccation (edesic) was calculated

using total autogenous shrinkage eas minus esatur , as shown in Equa-
tion 1. It can be seen from Fig. 9 that edesic was a big part of the total
autogenous shrinkage for all mixtures, especially after the acceler-
ation period. With the incorporation of MK, the self-desiccation-
induced autogenous shrinkage was greatly mitigated. For example,
at 1 day, the reductions were 60% and 90% for 5% and 10% incorpo-



Fig. 6. Pore size distribution and differential curves of AASF pastes cured for 1 day (a,b), 7 days (c,d) and 28 days (e,f).
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ration of MK, respectively. At 7 days, the mitigating effect was not
as pronounced as in 1 day. This is because the incorporation of MK
takes more effects on the reaction kinetics and microstructure of
AASF paste at very early age than at late age, as shown in section
3.1. The detailed reason for the mitigating effect of MK on edesic will
be explained based on the results of chemical shrinkage, RH and
elastic modulus.

3.2.2.1. Chemical shrinkage. The self-desiccation and the building of
liquid–gas menisci in binder materials originate from chemical
shrinkage [32,63]. The chemical shrinkage of AASF pastes with dif-
ferent contents of MK is shown in Fig. 10. The record of chemical
shrinkage starts from the acceleration period. It can be seen that
the chemical shrinkage decreased with the increase in MK content.
This was consistent with the reduced reaction rate and the lower
7

amount of reaction products with MK as shown in section 3. Due
to chemical shrinkage, internal voids were formed and the pore
solution dried gradually from larger pores to smaller pores
[32,64]. At the interface between the gas and the liquid, meniscus
would form which can generate capillary tension to the pore walls.
Given lower chemical shrinkage and higher porosity (Fig. 6) of the
paste with MK, the meniscus with a larger diameter would be gen-
erated, which meant a higher RH and a smaller force. These points
are verified in the next section.

3.2.2.2. Internal RH and pore pressure. The internal RH due to the
curvature effect of the meniscus can be calculated according to
Equation (2) [63].

RH ¼ RHS�RHK ð2Þ



Fig. 7. Autogenous shrinkage of AASF pastes, starting at final setting time tested by Vicat (a) or the start of the acceleration period (b). Detailed results on setting time and
heat flow tested by calorimeter are shown in section 3.1.3.

Fig. 8. Shrinkage of AASF pastes under saturated condition (solid lines), with
reference to the total autogenous shrinkage (dashed lines).

Fig. 9. Shrinkage of AASF pastes induced by self-desiccation (solid lines), with
reference to the total autogenous shrinkage (dashed lines).

Fig. 10. Chemical shrinkage of AASF pastes, starting at the beginning of the
acceleration period.
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where RH is the internal RH of the paste, RHS is the RH caused by the
ions in the pore solution and RHK is the RH caused by the curvature
at the gas–liquid interfaces. The measured RH, RHS and calculated
RHK are shown in Table 4.

With Kelvin equation (Equation (3)) and Laplace equation
(Equation (4)), the pore pressure r (MPa) can be calculated by
Equation (5). The calculated pore pressure in AASF paste is also
shown in Table 4.

lnðRHKÞ ¼ 2cVw

rRT
ð3Þ

r ¼ �2c
r

ð4Þ

r ¼ � lnðRHKÞRT
Vw

ð5Þ

where c (N/m) and Vw (m3/mol) are the surface tension and the
molar volume of the pore solution, respectively; r (m) is the radius
of the menisci; R (8.314 J/(mol�K)) is the ideal gas constant and T (K)
is the absolute temperature, in this paper 293.15 K.
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Table 4
RH and pore pressure in AASF pastes.

Specimens cured for 1 day Specimens cured for 7 days

Mixture RH(%) RHS(%) RHK (%) r(MPa) RH(%) RHS(%) RHK (%) r(MPa)

S50F50 81.1 83.2 97.5 3.4 83.6 90.5 92.4 10.7
S45F50MK5 83.4 84.5 98.6 2.0 86.8 91.2 94.5 7.66
S40F50MK10 86.1 87.0 99.0 1.4 91.1 94.8 96.2 5.24

Fig. 11. Elastic modulus of AASF pastes.
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The measured RHS of the pore solutions of AASF pastes were
lower than 80% due to the high ion concentrations in the pore solu-
tion as shown in Fig. 5 (Raoult’s law).

All the three mixtures experienced reductions of RHK with
elapse of time, indicating the occurrence of self-desiccation. The
drop in RHK and the pore pressure was reduced when MK was pre-
sent. The incorporation of 10% of MK reduced the pore pressure by
more than half at 1 day and 7 days.
3.2.2.3. Elastic modulus. The elastic modulus acts as a resistance to
the deformation [65]. As shown in Fig. 11, the incorporation of 5%
MK into AASF paste resulted in the highest elastic modulus at
1 day. At the age of 7 days, the elastic modulus of all mixtures
increased substantially, and S40F50MK10 showed the highest elas-
tic modulus. Nonetheless, the elastic modulus of the three mix-
tures was not remarkably different.

The similar elastic modulus of the three mixtures indicates that
the autogenous shrinkage reduction of AASF paste induced by MK
addition can be largely attributed to the reduced driving forces,
e.g., pore pressure and steric-hydration force that can develop
Fig. 12. Compressive strength (a) and fl
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under saturated condition [24], rather than an increased elastic
modulus.

It is worth noticing that the elastic modulus did not decrease
with the increase of MK content, although the addition of MK
results in a lower amount of reaction products and a larger poros-
ity as shown in section 3.1. This might be due to the mitigating
effect of MK on the development of microcracking. According to
[66–68], the elastic modulus of AAMs is critically influenced by
the development of microcracking. During autogenous shrinkage,
the unreacted particles can perform as local restraints which may
cause microcracking in the paste [69] and therefore harm the elas-
tic modulus [12,70]. However, the autogenous shrinkage of AASF
paste with MK was greatly reduced so that the development of
microcracking could be hindered. Thus, the elastic modulus of
AASF paste did not decrease with the addition of MK. Indeed, the
exposure of the samples to ambient RH (around 50%) during the
measurement of the elastic modulus may induce drying shrinkage
related microcracking. However, this has not been proved and
needs further research.

Since the addition of MK greatly mitigated both esatur (Fig. 8) and
edesic (Fig. 9) of AASF pastes, the total autogenous shrinkage was
reduced as a result. So far the mechanism behind the mitigating
effect of MK on the autogenous shrinkage of AASF paste has been
clarified.

3.3. Compressive and flexural strength

Besides the autogenous shrinkage, the strength is also an
important property for binder materials. As shown in Fig. 12 (a),
the incorporation of 5% MK slightly increased the 7-days and 28-
days compressive strength of the pastes. However, considering
the error range of the experiments, the increase was negligible.
When adding 10% of MK, the compressive strength of AASF paste
decreased in the whole studied period.

Fig. 12 (b) shows that the 1-day flexural strength of the pastes
containing MK was lower than that of the plain AASF paste. How-
ever, at the ages of 7 days and 28 days, the flexural strength
improved when 5% of MK was added. The incorporation of 10%
MK led to higher flexural strength than the plain AASF paste at
7 days but not at 28 days.
exural strength (b) of AASF pastes.
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Based on the results on autogenous shrinkage and mechanical
properties of AASF paste with different contents of MK, it seems
that the incorporation of MK by 5 wt% of the binder yields the opti-
mal overall performance. A higher amount of MK can induce a
decrease in 28-days strength. Nonetheless, the 28-days compres-
sive strength of S40F50MK10, the mixture that shows the lowest
strength in this paper, exceeded 50 MPa, which is already adequate
for most structural applications [71]. Therefore, a higher amount of
MK can be introduced in AASF system for some applications that
require enhanced shrinkage-mitigation effects. This study together
with previous studies [26,27,72,73] has shown that MK has a
promising potential to be utilised in slag and fly ash-based AAMs
for performance improvements.
4. Concluding remarks

In this study, the effects of MK incorporation on the microstruc-
ture evolution, autogenous shrinkage and mechanical properties of
AASF paste were investigated. The mechanism of the shrinkage-
reducing effect of MK lies in the modifications of the reaction
kinetics and microstructure of AASF pastes. The conclusions are
as follows:

1. The incorporation of MK decreased the reaction rate of AASF
paste, especially in the acceleration period. As a result, the total
amount of reaction products was reduced and the pore refine-
ment was hindered. The setting time of the paste was prolonged
when MK was introduced.

2. Due to the reduced chemical shrinkage and the increased poros-
ity, the self-desiccation in AASF paste was mitigated when MK
was present. In the meantime, MK did not impact the develop-
ment of elastic modulus of the paste. As a result, the autogenous
shrinkage of AASF induced by self-desiccation was effectively
mitigated. The autogenous shrinkage irrelevant to internal RH
in AASF was also mitigated by MK.

3. The strength of AASF was barely influenced by the incorpora-
tion of 5% of MK in the binder. In contrast, 10% of MK led to a
decrease in the 28-days compressive and flexural strength.

4. The mitigated autogenous shrinkage, delayed setting, enhanced
elastic modulus and flexure strength indicate that MK has a
promising potential to be used in AASF system. However, future
research is still needed on the influences of MK on other prop-
erties, e.g., the flowability and drying shrinkage of the materials.
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