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In this article, the effects of raw materials’ composition on fresh behavior, reaction kinetics, mechanical
properties and microstructure of alkali activated slag–fly ash–limestone blends are investigated. The
results indicate that, with the increasing content of fly ash and limestone, the slump flow increases.
The setting times are shortened when increasing the slag content, while both fly ash and limestone show
a negligible influence. The reaction process is slightly accelerated by the presence of limestone due to the
extra provided nucleation sites, but the reaction process is mainly governed by the slag. The slag content
exhibits a dominant role on strength in this ternary system, while for a constant slag content, the com-
pressive strength increases with the increasing limestone content up to 30%. The microstructure analysis
shows that the gel characteristics are independent of the limestone powder content. The presence of
limestone in initially high Ca and Al conditions does not lead to the formation of additional crystalline
phases, which is different from Portland cement systems. Both physically and chemically bound water
contents are slightly increased when limestone powder is incorporated.

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

The utilization of alkali activated materials (AAMs) as a substi-
tute for ordinary Portland cement has attracted great attention in
recent years. This type of material generally exhibits better perfor-
mance, such as enhanced mechanical properties [1], durability
[2,3], thermal properties [4] and lower environmental impacts
[5] when compared to ordinary Portland cement. Alkali activated
materials can be classified into two types according to the calcium
content in the raw materials [6]. One is the high calcium system,
the typical precursor is ground granulated blast furnace slag
(GGBS), having a C–A–S–H type gel as the main reaction product
[7]. Class F fly ash and metakaolin are representative raw materials
for the low calcium system, having N–A–S–H type gels within a
three-dimensional network as the major reaction product [8].
However, although excellent performances can be achieved from
both systems, drawbacks that limit their practical application are
also obvious such as fast setting, high shrinkage of alkali activated
slag [9,10] and the requirement of elevated curing temperatures, as
well as the relatively long setting times of alkali activated
aluminosilicates [11,12].

Approaches to avoid the disadvantages in individual system
were widely studied; among those studies, attention was paid to
blended alkaline systems (Na2O–CaO–Al2O3–SiO2 systems) that
are produced by mixing calcium enriched precursors and
aluminosilicates, due to the modified properties such as setting
times [13], workability [14], shrinkage [15], mechanical properties
and durability [16]. The reaction products in the blended system
are C–A–S–H, N–A–S–H and calcium substituted (N,C)–A–S–H type
gels [17,18] with a higher degree of cross-linking [19] that are
simultaneously formed during the activation, indicating an ideal
gel compatibility. Besides, the influences of key manufacturing fac-
tors on reaction kinetics, gel characteristics, mechanical properties
and durability issues were also intensively investigated, in which
the significance of activator type and dosage, raw materials’
composition, water content and curing conditions [20–24] were
highlighted. The recent progress in understanding these blended
systems and those modified properties indicates a promising
future for the application of alkali activated materials.

On the other hand, limestone powder has been widely utilized
in Portland cement systems for the purpose of energy saving and
carbon reduction [25]. A maximum limestone replacement of
35 wt.% in Europe is allowed according to the standard EN 197-1
[26]. Beside the environmental benefits, limestone has also been
known to improve the workability and strength by the filler effect
[27], to accelerate the hydration of C3S by providing nucleation
sites [28], to partly participate in the formation of C–S–H gels
[29] and to interact with aluminate-containing phases to form
monocarboaluminate [30]. Those studies indicate both physical
and chemical modifications of limestone on the Portland cement
system. Meanwhile, attention has also been paid to apply this more
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sustainable material in alkali activated systems. Moseson et al. [31]
incorporated limestone powder into a sodium carbonate activated
slag; the optimum synthesizing parameters and some environ-
mental issues were discussed. The reported maximum limestone
content was up to 68 wt.%, while the mechanical properties were
comparable to Portland cement. Moreover, the carbon emission
and energy consumption were reduced by more than 90%. Yip
et al. [32] studied the effect of calcite on silicate activated meta-
kaolin, showing that a calcite content of less than 20% benefits
the compressive strength; higher contents may lead to disruption
of the gel structure. It was suggested that the increase of strength
was not only due to the filler effect, as a small amount of released
Ca2+ from calcite also plays a limited role. Cwirzen et al. [33] inves-
tigated the effect of limestone on sodium hydroxide activated
metakaolin, showing that limestone slightly promotes the dis-
solution of metakaolin, and both activator concentrations and cur-
ing temperature significantly affect the leaching equilibriums of
Ca, Al and Si. As can be noticed, the previous studies showed the
superiority of limestone powder addition in sustainable develop-
ment and mechanical properties, as well as its reactive potential
in alkali activated low calcium system. However, there are limited
mechanism studies concerning the role of limestone powder in the
blended alkaline system (Na2O–CaO–Al2O3–SiO2), where large
amounts of reactive calcium, silica and alumina units are present
simultaneously, generated gels of different types are coexistent,
and the synthesizing parameters and curing conditions exhibit a
more sensitive influence on the final performance.

The purpose of this study is to understand the influence of lime-
stone powder on fresh behavior, early age reaction kinetics,
mechanical properties and reaction products of alkali activated
blended systems. Ground granulated blast furnace slag and class
F fly ash are chosen as solid raw materials due to their worldwide
availability, while ambient temperature curing is used because of
its advantage in field applications. Both paste and mortar samples
are produced and analyzed. The flowability and setting times of
slag–fly ash–limestone pastes are identified. The micro-scale
analyses are carried out by using isothermal calorimetry, thermo-
gravimetry/differential scanning calorimetry (TG/DSC), X-ray
diffraction (XRD) and Fourier transform infrared spectroscopy
(FTIR). The potential physical and/or chemical effects of limestone
on the blended alkaline system are discussed.
2. Experiment

2.1. Materials

The solid materials used in this study were ground granulated
blast furnace slag (GGBS, provided by ENCI B.V., the
Netherlands), Class F fly ash and limestone powder. Their chemical
compositions were analyzed by X-ray fluorescence and are shown
in Table 1. The median particle size (d50) is 12.43 lm for slag,
22.06 lm for fly ash and 10.12 lm for limestone powder. The
Table 1
Major chemical compositions of raw materials.

Oxides (wt.%) Fly ash GGBS Limestone

SiO2 54.6 34.4 0.84
Al2O3 24.4 13.3 0.24
CaO 4.44 37.4 53.96
MgO 1.43 9.89 1.01
Fe2O3 7.2 0.47 0.32
Na2O 0.73 0.34 0.21
K2O 1.75 0.47 0.34
SO3 0.46 1.23 –
LOI 2.80 1.65 43.01
specific density (kg/m3) of the used slag, fly ash and limestone
powder are 2930, 2300 and 2710, respectively. The detailed parti-
cle size distributions, measured applying a light scattering tech-
nique using a Master 2000 particle size analyzer, are given in
Fig. 1. CEN standard sand in accordance with EN 196-1 [34] was
used for the mortar mixes. The activator used was a mixture of
sodium hydroxide pellets (analytical level) and sodium silicate
solution. The sodium silicate solution has a composition of
27.69% SiO2, 8.39% Na2O and 63.92% H2O by mass. The desired
activator modulus (Ms, SiO2/Na2O molar ratio) was achieved by
adding the appropriate amount of sodium hydroxide pellets into
the sodium silicate solution. The mixed activator solution was
cooled down to room temperature prior to further use. Distilled
water was added in order to reach the desired water/binder ratios.

2.2. Sample preparation

The activator used in this study has an equivalent sodium oxide
(Na2O) content of 5.7% by mass of the solid material and an activa-
tor modulus (Ms) of 1.4 for all mixes, determined based on the pre-
liminary study, which would provide sufficient alkalinity without
efflorescence. The target activator modulus was reached by mixing
the sodium silicate solution and sodium hydroxide pellets with a
solution/pellets mass ratio of 6.42. Three levels of slag content
(60%, 50% and 40% by mass) and limestone powder additions from
0% to 30% by mass were used. The water/binder ratio by mass was
0.35 for pastes and 0.45 for mortar specimens, the water consisted
of the added distilled water and the water contained in the sodium
silicate solution. The binder/sand ratio was 3.0 for all mortar sam-
ples. The detailed information of the mixture proportions is listed
in Table 2. The samples were prepared in a laboratory mixer; the
solid raw materials were added into the mixer followed by the
activating solution, then the standard sands. The mixtures were
mixed at a slow speed for 30 s, then rested for 30 s before another
120 s at a medium speed. The fresh paste/mortar was poured into
plastic molds of 40 � 40 � 160 mm3 and vibrated for 1 min, then
covered with a plastic film on the top surface for 24 h; finally all
specimens were demolded and cured at a temperature of 20 �C
and a relative humidity of 95% until their testing age.

2.3. Testing methods

The workability of the pastes and mortars were evaluated by
the flow table tests according to EN 1015-3 [35]. The fresh samples
were transferred into a standard conical ring and a free flow with-
out jolting was allowed. Two diameters that are perpendicular to
each other were determined and the mean value was recorded as
Fig. 1. Particle size distributions of raw materials.



Table 2
Mix proportions of alkali activated slag–fly ash–limestone composites.

Activator Solid raw materials Sand (g) w/b

Slag
(wt.%)

Fly ash
(wt.%)

Limestone
(wt.%)

S60F40L0 60 40

0
(paste)

0.35
(paste)

S50F50L0 50 50 0
S40F60L0 40 60
S60F30L10 60 30
S50F40L10

Na2O: 5.7%
50 40 10

S40F501L0 40 50
S60F20L20 60 20
S50F30L20 Ms: 1.4 50 30 20 300

(mortar)
0.45
(mortar)S40F40L20 40 40

S60F10L30 60 10
S50F20L30 50 20 30
S40F30L30 40 30

Fig. 2. Slump flow of AA–slag–fly ash–limestone pastes with a w/b of 0.35.
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the slump flow. The initial and final setting times were measured
by the Vicat needle method as described in EN 196-3 [36]. The
determined values were an average of three samples.

The reaction kinetics was studied by an isothermal calorimeter
(TAM Air, Thermometric). The solid raw materials were firstly
mixed with the activating solution externally for about 1 min
and vibrated with an electrical vibrator, then the mixed paste
was injected into an sealed glass ampoule and loaded into the
calorimeter. All measurements were conducted for 72 h under a
constant temperature of 20 �C. The heat release and heat flow
results were normalized by mass (g) of binder, the binder includes
the solid raw materials and the solid contents in the activator
solution.

The compressive strength tests were carried out according to
EN 196-1. Cube samples with a size of 40 � 40 � 40 mm3 were pre-
pared and tested at the ages of 7 and 28 d, and the strength value
for each sample was obtained from an average of six specimens.

The thermo-gravimetric and differential scanning calorimetry
(TG/DSC) analysis was conducted in a STA 449 F1 instrument,
ground powder samples after 28 d of curing were heated up to
1000 �C at a rate of 10 �C/min with nitrogen as the carrier gas.
The temperature was held at 105 �C for 2 h during the heating
process.

The Fourier transform infrared spectroscopy (FTIR) measure-
ment was performed in a Varian 3100 instrument with the
wavenumbers ranging from 4000 to 650 cm�1 at a resolution of
1 cm�1. The X-ray diffraction (XRD) analysis was carried out with
a step size of 0.02� and a 2h range from 10� to 80�. Both the FTIR
and XRD analysis were carried out on samples at the age of 28 d.
3. Results and discussion

3.1. Flowability

The slump flow of the fresh alkali activated slag–fly ash–lime-
stone pastes is presented in Fig. 2. The data briefly illustrates the
relationships between the raw materials’ composition and the
workability of the blended pastes. All samples show satisfying
flowabilities that range from 29.3 to 33.5 cm. For samples without
limestone powder addition, the slump flow increases from 29.3 to
31.4 cm when the slag content decreases from 60% to 40%. A simi-
lar tendency is also found in samples with a constant limestone
powder replacement, namely that a lower slag content exhibits a
better flowability. This is in agreement with previous studies that
indicated that alkali activated fly ash shows better workability
than slag [37,38] and a higher fly ash content in the slag/fly ash
mixes leads to an improvement of flowability [39,40]. This
phenomenon can be explained by the higher water demand of slag
caused by its angular particle shape and larger surface area com-
pared to fly ash. Besides, the addition of limestone powder also
exhibits a positive effect on flowability. It can be seen that in sam-
ples with a constant slag content, the slump flow increases with
the increasing limestone content in all cases. Moreover, the influ-
ence of the slag content on workability seems to be weakened
when a higher limestone content is used. It should be noted that
for a constant slag content, the increased limestone replacement
will also lead to the reduction of fly ash content in the slag–fly
ash–limestone ternary blends. The improved flowability in sam-
ples with higher limestone contents may imply that the limestone
powder presents a better flowability in alkali solutions than fly ash
in this case. Another possible explanation for the improved flowa-
bility is that the particle packing of the paste also affects the water
demand. By using fine limestone powders in slag and fly ash mixes,
more fine particles with relatively low water demand will be filled
in the micro voids, then a better particle packing is achieved;
therefore, more available water can be provided to lubricate the
particles resulting in a higher slump flow [41,42]. In terms of the
mortar mixtures, a higher water/binder ratio of 0.45 was used in
order to meet the water demand of the fine aggregates. The rela-
tions between the binder composition and the slump flow for mor-
tars is depicted in Fig. 3. All mixes show ideal slump flows between
23.2 and 27.4 cm without jolting, with no segregation observed.
Similar to the results of paste samples, the workability is improved
when lowering the slag content and/or increasing the limestone
content.

3.2. Setting times

Fig. 4 depicts the influence of the starting materials’ composi-
tion on the initial and final setting times of alkali activated slag–
fly ash–limestone blends. It can be seen that both the initial and
final settings are retarded when lowering the slag content. For
instance, the mixtures with a slag content of 60% show an initial
setting time of 45 min, which increases to 55 and 68 min when
the slag content is reduced to 50% and 40%, respectively.
Similarly, the final setting time increases from 93 min to 115 min
as the slag content decreases from 60% to 40%. The previous studies
also show that a higher slag content in the alkali activated slag–fly
ash mixes results in decreased setting times [20,43]. The significant
influence of slag on setting times is attributed to its high reactivity
under alkali conditions, as the relatively fast dissolution rate of Ca,



Fig. 3. Slump flow of AA-slag–fly ash–limestone mortars with a w/b of 0.45. Fig. 5. Normalized heat flow of AA slag–fly ash–limestone pastes with 60% Slag.
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Si and Al units from the slag and the higher total amount of those
units (especially Ca) that are present in the solution accelerate the
formation rate of reaction products and the setting processes. On
the other hand, for a constant slag content, it can be concluded that
the influence of limestone and fly ash proportion on the initial and
final setting times is negligible, since the variations in the initial
and final setting times caused by the composition changes of lime-
stone and fly ash are within only 3 min in all cases. It also implies
that the fly ash exhibits similar and very low reactivity as lime-
stone powder during the initial stage of reaction. Thus from the
angle of the raw material composition, the slag content appears
to be the only key factor that influences the setting behaviors of
the alkali activated slag–fly ash–limestone blends cured under
ambient temperature.
3.3. Reaction kinetics

The normalized heat flow of alkali activated slag–fly ash–lime-
stone blends (with a slag content of 60% and limestone addition
from 0% to 30%) within the first 72 h are shown in Fig. 5. The pre-
sented calorimetric curves are in accordance with the previous
studies on silicate activated slag or its mixtures [44–46], which
show four typical reaction stages including initial dissolution,
Fig. 4. Setting times of AA-slag–fly ash–limestone pastes.
induction, acceleration/deceleration and a stable period. The initial
dissolution stage corresponds to the initial wetting and dissolution
of the raw materials. It usually occurs within the first few minutes
of mixing [47] and is generally regarded as a physical process,
although some chemical reactions are possibly involved. The
calorimetric peaks of this stage are not shown in the figure due
to its much higher magnitude. The acceleration peak is located at
around 16 h after mixing, which is assigned to the massive forma-
tion of reaction products from dissolved Ca, Si and Al units [48]. It
can be noticed that as the limestone content increases, the heat
evolution peak slightly shifts to earlier locations with higher inten-
sities. It indicates that the reaction process of alkali activated slag–
fly ash blends is slightly accelerated in the presence of limestone
powder. This is in agreement with previous researches on the
effect of limestone powder in Portland cement hydration [28,49].
The incorporation of limestone powder brings more fine particles
in the system, which provides additional nucleation sites for the
formation and growth of reaction products, then as a result the
reaction process is accelerated [50]. It can be seen that the induc-
tion period is also slightly shortened with the increasing limestone
content. During this stage, the newly formed reaction products
cover the surfaces of unreacted particles [51] and temporarily limit
the reaction process. Further reaction continues when the alkalis
penetrate the covered layers and reach the raw materials again
[46]. Considering the induction period is promoted in a limited
manner, it is more likely that the acceleration in this stage is due
to the micro-nucleation effect of the fine particles from limestone
powder and the better dispersion of slag, rather than a chemical
process.

Fig. 6 illustrates the heat evolution curves of samples with a
slag content of 40% and limestone additions up to 30%. It can be
noticed that both the induction and acceleration stages are signifi-
cantly retarded when compared to the mixes shown in Fig. 5. For
instance, the induction stage is around 7.5 h in samples with a slag
content of 60%, while it shifts to approximately 11 h when the slag
content decreases to 40%, also a considerably prolonged induction
time and reduced heat flow can be observed. Similarly, when low-
ering the slag content from 60% to 40%, the acceleration peak shifts
from about 16 to 20 h with a decreased peak intensity from about
0.8 to 0.5 mW/g. Those changes demonstrate the remarkable
effects of the slag content on the early age reaction. The glassy
structure of slag is mainly formed by Si and Al cations, and the
Ca cation works as a network modifier [6]. Under alkali activation,
the breakdown of a calcium enriched structure is easier than Si and



Fig. 6. Normalized heat flow of AA slag–fly ash–limestone pastes with 40% Slag. Fig. 8. Cumulative heat release of AA slag–fly ash–limestone pastes with 40% Slag.

Fig. 9. FTIR spectra of slag, fly ash and alkali activated slag–fly ash–limestone
pastes.
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Al dominated structures such as fly ash. This phenomenon is more
significant at ambient temperature. Thus, a higher slag content will
lead to a larger amount of available Si, Al and Ca units in solution,
and consequently a more intense dissolution and reaction process.
Similar to the results shown in Fig. 5, an evident promotion in
induction and acceleration stage due to the increase of limestone
powder content is observed. But compared to the significant
changes caused by slag, the effect of limestone powder on the early
age hydration is at a relatively small scale. Figs. 7 and 8 show the
cumulative heat evolution of different slag–fly ash–limestone
mixes. The first dramatic increase is associated with the initial
wetting and dissolution of raw materials in alkaline solution; the
following relatively moderate increase corresponds to the induc-
tion stage; the second sharp increase is assigned to the acceleration
stage. It can be seen that for a constant slag content, samples with
a higher limestone content exhibit a higher total heat release, indi-
cating the presence of limestone powder benefits the reaction pro-
cess within the tested 72 h; while for samples with a constant
limestone content, higher slag contents exhibit considerably
higher total heat release, which implies again that a more signifi-
cant influence of slag than limestone/fly ash on the reaction in
early stage.
Fig. 7. Cumulative heat release of AA slag–fly ash–limestone pastes with 60% Slag.
3.4. FTIR and XRD analysis

Fig. 9 shows the infrared spectra of the unreacted slag, fly ash
and slag–fly ash–limestone blends after alkali activation. The main
vibration band is at around 900 cm�1 for slag and about 1020 cm�1

for fly ash, which are associated with the asymmetric stretching
vibration of terminal Si–O and bridge Si–O–T bonds, respectively
[52,53]. The difference in the main absorption band illustrates
the different glassy networks of the raw materials. The absorption
bands located at around 1080, and 600–800 cm�1 in fly ash indi-
cates the presence of quartz and mullite [54]. After alkali activa-
tion, all mixes showed OH groups at 1640 cm�1 and around
3350 cm�1, demonstrating the presence of chemically bound water
within the reaction products [55]. The absorption bands at around
1420, 870 and 710 cm�1 correspond to the vibrations of O–C–O in
carbonates [23]. The main absorption band of the reaction products
is located at around at 950 cm�1 in all mixes, which is assigned to
the asymmetric stretching vibration of Si–O terminal (non-bridg-
ing) bonds, indicating that the main reaction product is a chain
structured C–A–S–H type gel. The Si–O bond in unreacted slag is
around 900 cm�1; the shifting of this band to higher wavenumbers
implies the formation of a more highly polymerized Si–O network,



Fig. 10. XRD patterns of slag, fly ash and alkali activated slag–fly ash–limestone
pastes.

Fig. 11. XRD patterns of alkali activated slag–fly ash–limestone pastes at low
angles.

124 X. Gao et al. / Cement & Concrete Composites 59 (2015) 119–128
namely the occurrence of the polymerization process. Concerning
the fly ash, the main absorption bands shifts from 1020 cm�1 to
lower numbers after activation, indicating that the high crosslink-
ing networks with bridging Si–O bonds are not formed in this
study. This is probably due to the presence of a large amount of cal-
cium at early stages, which consume the Si and Al units and prefer-
ably form C–A–S–H type gels, so that the accumulation of Si, Al
units is hindered. It can be seen that as the limestone content
increases, the intensity of the absorption bands that represent car-
bonates increase significantly; while compared to the changes in
O–C–O groups, no remarkable change is observed in the absorption
bands (both location and intensity) of bound water and terminal
Si–O. It may demonstrate that the presence of limestone powder
shows inconspicuous influence on the gel structure of alkali acti-
vated slag–fly ash blends. Since the FTIR spectra provide limited
information on quantitative determination, a TG/DSC analysis
was carried out and the results are presented later in this paper
to identify the gel composition in detail.

The XRD patterns of unreacted slag and fly ash are shown in
Fig. 10, as well as the samples with a slag content of 60% and lime-
stone additions from 0% to 30%. It can be seen that the original slag
is mainly amorphous without significant crystalline phases, and
shows a peak hump between 25� and 35� due to the amorphous
components; while the unreacted fly ash contains crystalline
phases such as quartz (SiO2), mullite (Al6Si2O13), maghemite and
hematite (Fe2O3) with a broad amorphous hump between 15�
and 30�. Similar to the FTIR results, the differences in the location
of the amorphous hump indicate the structural differences
between the slag and fly ash. After activation, the characteristic
peaks of quartz, mullite and maghemite/hematite from fly ash
remain. The incorporation of limestone leads to the presence of
calcite peaks. The intensity changes of those crystalline peaks in
the reaction products are due to the different relative contents of
fly ash and limestone in each mixture. All samples show a main
reaction product at around 29.5�, which is identified as a poorly
crystallized C–(A)–S–H gel (type I, PDF#00-034-0002). This is in
accordance with the FTIR analysis that the main reaction product
is characterized by terminal Si–O bonds and chain structure.
Besides, no significant newly formed crystalline phases are
observed until the age of 28 d and the reaction products remain
amorphous. As can be noticed, there is no significant change in
the intensity and location of C–(A)–S–H peaks when the slag con-
tent is kept constant, implying the limited influence of both lime-
stone powder and fly ash content on the gel structure of the main
reaction products until the age of 28 d.

In addition, previous studies concluded that the presence of
limestone powder would lead to the formation of monocarboa-
luminate in both Portland cement and alkali activated systems,
especially in high aluminate conditions (i.e. high C3A, C4AF con-
tent; fly ash/metakaolin addition), and the formation of those
phases are detectable after 28 d of curing [27,33,56–58]. In order
to identify whether this phase is formed in silicate activated slag–
fly ash–limestone blends, an XRD observation that focused on low
angles was conducted and the result is shown in Fig. 11. It can be
seen that the characteristic peak of monocarboaluminate, which
is usually shown at around 11.7� [59], is not observed in this
study. Thus, it can be concluded that no evident chemical reaction
took place between the limestone powder and the aluminate
units in this case, or the chemical reactions involving the lime-
stone powder did not result in the formation of additional crys-
talline phases.

3.5. TG/DSC analysis

The thermogravimetry results of samples with a slag content of
60% and limestone additions up to 30% are presented in Fig. 12. All
samples exhibit a remarkable mass loss before around 110 �C,
which is assigned to the loss of physically bound water within
the paste [60]. Specimens without limestone show an evaporable
water content of 16.1%, which is slightly lower than the ones with
limestone addition, but there is no further increase in this value
when increasing the limestone content from 10% to 30%. After
the evaporation of the physically bound water, all samples show
a negligible mass loss between 105 and 180 �C, followed by a grad-
ual decrease in mass until heated to around 600 �C. The gradual
and continuous mass loss after around 180 �C is attributed to the
decomposition of the C–(A)–S–H type gels. After around 600 �C,
mixes without limestone powder show a stable curve with only
a slight mass loss until 1000 �C, and no other abrupt mass losses
are observed between 105 and 1000 �C. This reveals that the reac-
tion products are mainly amorphous gels with bound water. When
the limestone powder is incorporated, samples show a remarkable
mass loss between 600 and 800 �C, which is mainly caused by the
decomposition of the calcium carbonates [61].

The corresponding differential scanning calorimetry (DSC)
results are depicted in Fig. 13. The heat absorption peak at around
110 �C is associated with the evaporation of the physically bound
water. The smooth absorption peak at around 180 �C indicates



Fig. 12. TG analysis of alkali activated slag–fly ash–limestone pastes.
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the decomposition of the reaction products [62], then the gradual
decomposition processes including the loss of chemically bound
water take place. It can be seen that as the limestone powder con-
tent increases, the heat absorption peak at around 750 �C becomes
more significant, representing a more intensive decomposition
process due to the higher content of calcium carbonate. It should
be noted that all samples also show an exothermic peak at around
800 �C, while no remarkable changes are observed in TG analysis at
the same temperature. This heat release peak is attributed to the
formation of more ordered crystalline phases under high tempera-
ture, which was also found in a previous study concerning alkali
activated slag [62].

Based on the understandings above, a calculation on the physi-
cally and chemically bound water contents was carried out in order
to study the effect of limestone powder on the composition of the
reaction products. The physically bound water content was calcu-
lated as the mass loss before 105 �C; the chemically bound water
content in each mix is calculated by the mass loss between
105 �C and 1000 �C, with the exclusion of the mass loss due to
the incorporated limestone. The mass loss of limestone between
105 �C and 1000 �C is 43.01% according to the TG analysis, this
value includes the mass loss of calcium carbonate and the impuri-
ties from limestone powder; the calculated total mass includes the
alkali activator and solid raw materials. The results are presented
Fig. 13. DSC analysis of alkali activated slag–fly ash–limestone pastes.
in Table 3, where it can be seen that the addition of limestone pow-
der leads to a slight increase in the total chemical water content.
This phenomenon can be partly explained by the XRD results in
this study that the addition of limestone powder does not evi-
dently lead to the formation of additional reaction products, thus
no remarkable amount of extra bound water can be observed.
However, it is possible that the additional nucleation sites that
are provided by the fine limestone particles promote the formation
of hydrated gels and refine the pore structures, then result in
slightly increased physically and chemically bound water contents;
or a slight but non-ignorable amount of Ca2+ is released from the
fine limestone particles under alkali activation, then participates
in the reaction process and leads to a slight increase in the bound
water content.
3.6. Compressive strength

The 7 and 28 d compressive strengths of alkali activated slag–fly
ash–limestone pastes and mortars are shown in Figs. 14 and 15,
respectively. The water/binder ratio for paste samples is 0.35,
and it is 0.45 for mortars. It can be seen that the paste and mortar
samples show a similar tendency in the strength development, and
mortar mixtures exhibit a lower strength in general, due to their
increased water content.

For samples with a constant slag content, both the 7 and 28 d
compressive strengths are increased when increasing the lime-
stone powder content. For instance, in the paste samples with a
slag content of 60%, when increasing the limestone powder content
from 0% to 30%, the 7 d compressive strength increases from
61.3 MPa to 68.9 MPa, and the 28 d strength also exhibits an incre-
ment from 76.5 MPa to 83.5 MPa. Similar results are also found in
samples with other slag contents and the highest strength is shown
in samples with the 30% limestone addition. This behavior should
be attributed to the filler effect of limestone powder. The addition
of limestone powder will lead to a higher content of fine particles
within the paste (see Fig. 1), which could work as micro aggregates
and may reduce the total porosity, then result in an increment of
strength. Moreover, the better reaction of slag due to the presence
of limestone also contributes to the strength improvement. Since
the additional nuclear sites provided by the fine limestone parti-
cles promote the formation of the reaction products, as can be seen
from the isothermal calorimeter results, a more homogeneous dis-
persion of the reaction products may result. The improved slump
flow caused by the limestone addition could be an indication of
the increased effective water content, which may result in an
increase of the contact area between the slag particles and alkaline
solutions.

It can be obviously seen that for a constant limestone replace-
ment, higher compressive strengths are achieved in samples with
higher slag contents at both 7 and 28 d. As shown in Fig. 14, for
samples without limestone addition, when reducing the slag con-
tent from 60% to 40%, the 7 d compressive strength decreases from
61.3 MPa to 44.8 MPa and the 28 d strength is reduced from
76.5 MPa to 56.3 MPa. Similarly, in samples with a 30% limestone
Table 3
Calculation of bound water content (wt.%).

60GGBS 60GGBS 60GGBS 60GGBS
40FA 30FA 20FA 10FA
0LS 10LS 20LS 30LS

Mass loss between 105–1000 �C 5.09 8.11 11.46 14.53
Limestone powder incorporated 0 6.70 13.38 20.07
Mass loss of limestone powder 0 2.88 5.75 8.64
Chemical bound water 5.09 5.23 5.71 5.89
Physical bound water 16.1 16.9 16.9 16.9



Fig. 14. 7 and 28 days compressive strength of AA-slag–fly ash–limestone pastes.

Fig. 15. 7 and 28 days compressive strength of AA-slag–fly ash–limestone mortars.
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content, where the highest strength is achieved in each slag level,
the 7/28 d strength decreases from 68.9/83.5 MPa to 49.4/62.7 MPa
respectively, with the shifting of the slag content from 60% to 40%.
The significant influence of the slag content on mechanical
strength was also reported in previous studies [20,63,64]. This
should be attributed to the considerably higher reactivity of slag
than the other components under ambient temperature. As can
be seen from the results of the setting times and the reaction
kinetics, the slag content shows a decisive impact on the reaction
process, while changing the limestone/fly ash content based on a
constant slag level exhibits limited influences. In addition, the
FTIR and XRD analyses show that the main reaction product in
these ternary blends is a typical hydrated gel of alkali activated
slag [7], which again indicates the dominant role of slag.
Therefore, a higher slag content will result in a more intensive
reaction process and a higher amount of reaction products, namely
a higher compressive strength. It can be noted that based on a con-
stant slag content, mixes with different limestone contents show a
similar rate of strength development between the 7 and 28 d.
Considering that the increased limestone content is at the expense
of fly ash content in this case, it also demonstrates the low reactiv-
ity of fly ash until the age of 28 d under ambient curing conditions;
or the dissolved Si and Al units from fly ash exhibits much less
influence than the Ca from slag on strength in this case.
Concerning the mortar mixes, the filler effect of limestone pow-
der and the remarkable influence of slag on strength are also
obviously presented. As shown in Fig. 15, based on a constant slag
level, the compressive strength increases with the increasing lime-
stone content; also based on a constant limestone addition, both
the 7 and 28 d strength increase with the increasing slag content.
The highest values are obtained in samples with a 60% slag and
30% limestone, showing 7 and 28 d compressive strengths of
51.9 MPa and 64.2 MPa, respectively. While the lowest 7/28 d
strength of 46.6/59.2 MPa was shown in samples with 40% slag
and 0% limestone.

3.7. The role of limestone powder in blended alkali systems

As commonly known, limestone powder exhibits both physical
and chemical effects on Portland cement systems, which can be
briefly summarized as follows: lowering the water demand of
cement paste [65]; accelerating the hydration process; reacting
with aluminate phases to form hemicarbonate and monocarboa-
luminate [66] and affecting the strength. While in an alkali acti-
vated system, according to the investigations in this paper, the
physical effect of limestone powder is obvious. As shown in the
slump flow results, the low water demand of limestone powder
promotes the workability of both pastes and mortars. Moreover,
owing to the fine particles provided by the limestone powder,
the reaction process is slightly accelerated; the higher intensities
of the acceleration peak and the higher total heat release indicate
an intensified reaction. The increment in compressive strength
can also be attributed to the physical modification of limestone
powder, as fine particles from the limestone powder modify the
packing and result in a denser matrix.

However, the chemical effects of limestone powder in the
blended alkali system are different from those in a Portland cement
system. It has been known that the presence of limestone in cal-
cium and high aluminates conditions modifies the Portland cement
system following the mechanism expressed as:

Aþ 3CHþ 8Hþ CC) C4ACH11 ð1Þ

where A = Al2O3, CH = Ca(OH)2, H = H2O, CC = CaCO3.
This process increases the total volume of the solid phases and

results in the increment of compressive strength in Portland
cement systems. The occurrence of this reaction is highly depen-
dent on the Al and Ca supply, while the limestone powder content
and fineness plays a minor role [59,70]. In the case of alkali acti-
vated slag–fly ash–limestone blends, all the required elements
for the reaction above are available, but the formation of

C4ACH11 is not observed according to the micro analysis (XRD) in
this study. One possible explanation is that the dissolved Ca, Si,
Al units from the slag and fly ash prefer the formation of more
stable structure of C–(A)–S–H type gels, when the formation of
C–(A)–S–H gel is saturated, the remaining units may react with

limestone powder to form C4ACH11. However, it seems that the
remaining components in ternary slag–fly ash–limestone blends
do not meet the requirements of the equation above, the possible
reasons can be as follows: (1) Absence of calcium. The C–S–H gels
in alkali activated system (type I, tobermorite) show a Ca/Si of
around 1.0–1.2 [67,71] and the Ca/Si (molar ratio) in the raw slag
is 1.17. While the total Ca/Si in the system would be lower than
0.85 (in samples with 60% slag) when calculating the silicate from
the activator, this value would be even lower when considering the
silicate from fly ash. Thus no sufficient calcium will remain after
the formation of C–(A)–S–H gels. (2) Absence of aluminate. It has
been proven that the C–(A)–S–H gels in alkali activated systems
also have the potential to contain a certain amount of aluminate
[68,69], and the total Al/Ca in C–S–H gels can reach around 0.2
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[67]. Even though the Al/Ca ratio in original slag reaches 0.17, the
dissolution of fly ash at ambient temperature may provide a lim-
ited amount of aluminate at early ages. It is also possible that the
dissolved aluminate from fly ash may be participating in the for-
mation of low polymerized N–(C)–A–S–H type gels rather than
reacting with limestone to form crystalline phases. Therefore, the
reaction products of silicate activated slag–fly ash–limestone
blends remain amorphous without crystalline phases. But it is still
possible for the formation of monocarboaluminate in other alkali
systems where additional Ca and Al groups are simultaneously
existing, such as systems with high calcium hydroxide and meta-
kaolin/fly ash contents; further investigations on the formation
mechanism of monocarboaluminate in alkali activated systems
are being carried out. Besides, it should be noted that the dis-
solution of Ca2+ from calcium carbonates in alkali activated system
was actually confirmed by [33]; also the satisfying surface binding
between the limestone powder and alkali activated materials was
suggested in the previous study [32]. Thus, the slightly increased
bound water content together with the continuously increased
compressive strength (with limestone replacements up to 30%) in
this case could be regarded as an indication that the limestone
powder may not only work as a non-reactive filler, the release of
Ca2+ from limestone powder and its topography characteristics
may also make small but non-negligible contributions to the
strength development and pore structure refinement by providing
extra surface binding within particles. Overall, the utilization of
extra fine particles (limestone powder) in hybrid alkali systems
(alkali activated slag–fly ash blends) exhibits both physical and
chemical modifications such as improving workability, promoting
reaction processes, and achieving superior compressive strengths
with high level limestone replacements.
4. Conclusions

This paper investigates the effects of the raw materials’
composition on the workability, setting times, reaction kinetics,
gel characteristics and compressive strength of room temperature
cured alkali activated slag–fly ash–limestone ternary system. Both
paste and mortar mixtures are designed and analyzed, and the role
of limestone powder in blended alkali systems is discussed. The
following conclusions can be drawn:

� An ideal workability can be achieved in alkali activated slag–fly
ash–limestone blends by using high amounts of fly ash and
limestone. The flowability improves with the increasing fly
ash and limestone powder contents. Both the initial and final
setting times are strongly influenced by the slag content, and
a higher slag content leads to a decreased setting time; while
both fly ash and limestone powder show a negligible influence
on setting.
� The additional nucleation sites provided by limestone powder

slightly accelerate the induction and acceleration/deceleration
stage of reaction and also increase the total heat evolution
within the tested 72 h. The slag content plays a dominant role
in determining the early age reaction characteristics such as
the intensity and location of the typical reaction stages.
� The gel characteristic analyses conducted by FTIR, XRD and TG/

DSC show that the reaction products of alkali activated slag–fly
ash–limestone blends are governed by the chain structured C–
(A)–S–H type gels. The presence of limestone powder does not
lead to the formation of new phases, but slightly increases both
the physically and chemically bound water content.
� For a constant limestone powder replacement, a higher com-

pressive strength was observed in samples with a higher slag
content; while for a constant slag content, the compressive
strength increases with an increasing limestone powder con-
tent. The slag content exhibits a more significant effect than
the other components on strength.
� The limestone powder shows mainly physical with slight but

non-ignorable chemical modifications of alkali activated slag–
fly ash blends. It is suggested that the absence of monocarboa-
luminate is due to the insufficient supply of additional calcium
and aluminate in this case; and the small amount of the
released Ca2+ from the limestone together with its filler effect
results in the pore refinement and strength increment.
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