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� The microscopic morphology and hydration characteristics are optimized by adding nano-silica.
� The added nano-silica was consumed and it cannot act as filler due to its high activity.
� The hydration process was promoted due to nucleation effect and siliceous precursors supplied effect.
� The nano-silica action mechanisms on alkali-activated slag ware discussed.
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Hydration and micro-structure are important in the study of alkali-activated materials, especially used in
building materials. To obtain information about hydration processes, we have investigated the hydration
rate and micro-structural evolution. In this research, we evaluated the performances of nano-silica com-
posite, which is produced by adding nano-silica into alkali activated slag. We also tested the impacts of
nano-silica on hydration, micro-structure and porosity. Results of the experiments shows that the com-
prehensive strength is enhanced, the microscopic morphology and hydration characteristics are opti-
mized. Also, hydration rate suggested that the impact of nano-silica on alkali activated slag early
hydration is far greater than that of later hydration. Furthermore, the nano-silica action mechanisms
on alkali-activated slag discussed in this paper mainly are that the nano-silica supplied siliceous precur-
sor and served as nucleation seed and its accelerated early hydration effects.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Alkali activated materials, which firstly invented and applied
patent by Davidovits [1], were considered as alternative and sup-
plementary materials to replace Ordinary Portland cement (OPC)
with respect to reduce CO2 emissions. This kind of materials was
famous for its lower energy consumption than Portland cement
and wider range of raw materials resources, such as blast furnace
slag [2], waste glass [3], fly ash [4], rice husk ash [5], red mud, steel
slag [6] and other industrial waste residue [7,8], which were diffi-
cult to use in large scale in cement production industry. The truth
is, alkali-activated materials has an advantage over other building
materials such as ceramics and Portland cement, for it providing
many important performance advantages, for example, high early
compressive strength [9], high freeze-thaw resistance [10], strong
acid-base corrosion resistance [11], excellent impermeability [12]
and outstanding fire resistance [1].

By now, it is generally believed that alkali-activated materials’
hydration process has three stages [13]. The first stage is
decomposition–coagulation reaction, which means that under
strong alkaline condition, the alumino-silicate contained in raw
materials depolymerized into ions. The second stage starts as the
increase of precursor number and the reaction process accumu-
lates. In the meantime, the third stage of condensation and crystal-
lization happens, the hydrated calcium alumino-silicate gels and
hydrated calcium silicate gels were produced in this stage [14].
Although the simulated hydration process had been discovered
by research fellows [15,16], there are not many essays on how to
characterize hydration mechanism of alkali-activated slag by the
hydration exothermic rate.

Nowadays, nano technology plays a vital role in the field of
cement and concrete industries [17]. The performances of certain
cement based materials were affected by different nano materials
[18]. Considering the fact that nano-silica were widely applied in
cement-based materials and it might have similar effects in
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Table 1
Chemical analysis of raw materials (wt%).

Component Slag Steel slag Nano-silica

Cao 37.28 37.84 0.01
MgO 8.56 8.02 0.01
Fe2O3 0.65 24.78 0.01
Al2O3 16.34 6.16 0.01
SiO2 32.48 14.65 99.66
Loss 1.63 1.42 0.01
Other 2.55 5.12 0.01
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alkali-activated materials, modified alkali-activated materials with
nano materials have received wide attention [19,20]. In the past
ten years, it was reported that the performances of alkali-
activated cementitious materials could be overwhelmingly
enhanced to incorporate nano materials such as the early stage
compressive strength [21] and sorptivity and acid resistance prop-
erties [22]. H. Assaedi et al. [23] pointed out that the compressive
strength of geopolymer paste made from fly ash were increased by
23.39% when adding 2.0% nano-clay. The results showed that the
geopolymer nano-composites adding 2.0 wt% nano-clay have bet-
ter mechanical properties, for the nano-clay is acting as an activa-
tor to facilitate the geopolymeric reaction. A similar conclusion
was drawn according to the research of H. M. Khater [20], he found
the compressive strength cured for 28 days increased 17.06% when
he prepared alkali-activated water cooled slag geopolymer nano-
composites incorporating no more than 1.5 wt% nano-clay. L.Y.
Yang et al. [24] enhanced the mechanical strength by 15.45% cured
for 7 days and improved pore structure and decreased the shrink-
age of alkali-activated slag nano-composites when he added 0.5 wt
% nano-TiO2.

The development of nano-silica production technology leads to
the reduction of its production cost [25], utilization of nano-silica
in cement and alkali activated cementing materials offered more
advantages than other nano-materials [26]. Kang Gao [27] first
reported that geopolymerization could be greatly accelerated attri-
bute to the increase of speed and degree of polymerization and fill-
ing pores effect of nano-silica particles when he mixed 3.0% nano-
silica, but the action mechanism of nano-silica particle was not
clearly explained. H. Assaedi [28] did a research on the effect of
nano-silica mixing methods on performances and micro-
structural evolution of geopolymer paste prepared from fly ash.
He came to conclusions that the micro-structure optimization
and strength improvement were attributed to increasing of
hydrated calcium alumino-silicate gels and hydrated calcium sili-
cate gels. Partha Sarathi Deb [21] reached a similar conclusion
and suggested that densification caused by nano-silica was another
reason for microstructure optimization and strength growth. While
Mohammed Ibrahim [29] believed that the application of nano-
SiO2 promotes the polymerization and formation efficiency of
hydrated calcium aluminosilicate gels and hydrated sodium alumi-
nosilicate gels. A nucleation was triggered and the induction period
was reduced due to the generation of more geopolymeric gels in
the early stage of 12–72 h when nano-silica added into fly ash-
slag geoporlymer matrix according to research of T. Revathi et al.
[30]. Fatemeh Shahrajabian and Kiachehr Behfarnia [31] did
research on the frost resistance of slag concrete activating with
water glass and incorporating nano materials. In the freezing and
thawing cycles experiment, they found out that slag concrete mod-
ified with nano-silica and nano-clay have better strength values
than nano-alumina. Abdulkadir Çevik et al. [32] found that
mechanical strength after chemical corrosion were holonomy kept
because of the generation of dense micro-structure with low
porosity when 3.0 wt% nano silica (NS) was added to fly ash
geopolymer concrete. However, K. Behfarnia [33] claimed that
application of micro-silica has positive effect on microstructure
while application of nano-silica possessed negative effects on
microstructure due to the formation of tilleyite when incorporated
micro-silica and nano-silica into alkali activated slag concrete.

Although there are essays about the performances and
microstructural evolution [34] of alkali-activated composites mod-
ified with nano-silica. The effect of nano-silica on hydration mech-
anism and microstructural evolution in early stage is still not very
clear, especial for question that how does nano-silica act on alkali-
activated materials in a strong alkaline environment. Thus, this
experiment aims to investigate the effects of nano-silica on early
hydration process and micro-structural evolution and discuss its
mechanism of action.

2. Materials and experiments

2.1. Materials

The main raw materials selected as alumino-silicate source
were well ground steel slag powder and blast furnace slag powder,
which provided by JIGANG GROUP co., ltd. And their fineness was
determined as 389 m2/kg and 421 m2/kg using specific surface area
meter. It was analyzed that chemical composing of raw materials
and indicated in Table 1. A nano-meter silicon dioxide with aver-
age particle diameter 30 nm and purity of 99.95% were prepared
by Beijing DC technology co. LTD. The specific surface area of
nano-silica was tested as 200 m2/g. An analytically pure chemical
reagent sodium hydroxide flake was provided by DAMAO chemical
reagent factory. Sodium hydroxide solution was selected as alkali-
activator and it was beforehand prepared in order to cool to ambi-
ent temperature.

The particle diameter of waste powder was measured and pre-
sented in Fig. 1 and Fig. 2, respectively.

Nano-silica was dissolved in alcohol and dispersed by ultra-
sound and its particle diameter was tested and listed in Fig. 3. It
was noted that the average size of nano-silica particle (Xav) was
92 nm and the median size of nano particle (X50) was 80 nm,
which suggests that the size of dispersed nano-silica was larger
than the average size purchased and the nano materials was prone
to agglomeration [35].

2.2. Specimens preparation and test methods

Nano-silica in mass of 0.0%, 0.5%, 1.0%, 2.0% and 3.0% were used
to replace the main raw materials such as waste powder. A ratio of
1:1 of slag-steel slag was adopted to improve utilization rate of
steel slag. Analytical reagents sodium hydroxide was dissolved in
distilled water until the solution cools to room temperature. The
quality of sodium hydroxide accounted for 6.0% of the waste pow-
der quality. The waste powder were weighed and mixed for 24 h in
order to obtain well mixed materials according to proportion listed
in Table 2. Considering the fact that the fluidity will be reduced
after adding nano-materials, a slight high w/s ratio of 0.36 was
used. The water used in the experiment was divided into two
aspects, one aspect was for dissolving sodium hydroxide and
another aspect was for dispersing nano-silica. An ultrasonic device
(400W, 40 kHz) was adopted according to related literatures, so as
to disperse nano-silica particles into distilled water in order to
avoid agglomeration [35,36]. The waste powder was first poured
into mixing pot and then alkaline solution was slowly added and
blended for 5mins, after that the dispersed nano-silica solution
was intermixed to prepare the fresh paste. Then the fresh paste
were quickly injected into the mold (20 � 20 � 20 mm) and moved
to curing chamber (20 ± 2�C and 95 ± 5% R.H.).



Fig. 1. The distribution of steel slag radius.

Fig. 2. The distribution of blast furnace slag radius.

Fig. 3. The particle diameter of nano-silica.

Table 2
The mixing ratio of paste inclusion of nano-silica.

Sequence number Slag/(%) Dosage of nano-silica/(%) Liquid-solid ratio

Control 100.0 0.0 0.36
A1 99.5 0.5 0.36
A2 99.0 1.0 0.36
A3 98.0 2.0 0.36
A4 97.0 3.0 0.36
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The compressive strengths test were done according to ISO
679:2009 and specimens loading rate was set as 2400 N/s [37].
Pore size distribution of hardened paste was tested with Mercury
Intrusion Pore method. The immersed specimens in an alcoholic
solution were crushed and dried for 10 h at the temperature of
60 �C and tested under intrusion pressure of 0.53–59940.28 psia
and extrusion pressure of 59940.28–20.21 psia. STA6000 thermal
analyzer was used to conduct the TG tests at the temperature of
25–1000 �C and heating rate of 10 �C/min. TAM Air C80 isothermal
calorimeter was selected to monitor and record the change of
hydration heat and exothermic rate in early 72 h [38,39]. Water/
binder ratio used in this experiment was 0.36 in order to stay the
same with fresh paste. In order to find out whether or not there
was unreacted nano-silica in the specimens that cured for 1d,
hardened paste (including control samples and specimens with
2.0% and 3.0% nano-silica) of 0.9 g, which kept in alcohol and cal-
cium hydroxide of 0.1 g were added to monitor hydration heat
change in early 48 h. Water/binder ratio of 1.0 was adopted in
rehydration heat experiment. A type of electron microscope
branded Carl Zeiss Jena was adopted to observe the micro-
structural evolution of samples incorporating nano-silica. The
specimens soaked in pure ethanol were smashed into pieces and
dried for 2 h at 60 �C, and then sprayed with gold to keep good con-
ductivity in the surface of specimens. XRD test was performed by
Germany Brook D8 ADVANCE diffractometer at scanning speed of
4�s/step with voltage of 40 kV and current of 40 mA.

3. Results and discussion

3.1. Effect of nano-silica on hydration process

The heat of hydration test is in Fig. 4. According to relevant ref-
erences [40,41], the hydration process of cement-based material
and alkali-activated material characterized with exothermic rate
curves were divided into five periods, namely initial hydration per-
iod, induction period, acceleration period, deceleration period and
steady state period. Alkali-activated slag hydration process was
similar to that of cement-based material as the curves presented
in Fig. 4. Wetting heat and dissolving heat were the main causes
for occurrence of the first hydration heat peak [41], which appears
after around 500 s. Most of the decomposition and coagulation
reaction happens in this period. As can be seen from Fig. 4a,
exothermic rate was directly proportional to nano-silica dosage,
and the peak value presented the same tendency, which showed
the dissolution degree of slag and nano-silica increased and more
precursors generated. Without nano-silica, specimens with 1.0%,
2.0% and 3.0% respectively take 465.3 s, 400.2 s, 319.2 s and
229.3 s to reach its peak value occurrence. The results showed that
the time of peak occurrence was brought forward according to the
increase of nano-silica dosage, which suggested that the dissolving
process of precursors was accelerated. The reason might be that,
unsaturated silicon bond in nano-silica combined the OHA to form
„SiAOH, which could form hydrated calcium silicate gels by the
chemical reaction between„SiAOH and Ca(OH)2 [42]. The process
can be sketched as follows [43].

� Si� O�þH� OH ¼¼� Si� OHþ OH� rapidlyð Þ
C(NaOH)/mol/L Slag/kg/m3 Nano-silica/Kg/m3 Water/kg/m3

4.17 1718.8 0.0 614.6
4.17 1710.2 8.6 614.6
4.17 1701.6 17.2 614.6
4.17 1684.4 34.4 614.6
4.17 1667.2 51.6 614.6



Fig. 4. Hydration exothermic rate curves of specimens. Fig. 4b. The enlarged partial view in Fig. 4.

J. Wang et al. / Construction and Building Materials 220 (2019) 110–118 113
� Si�þOH� ¼¼ � Si� OH rapidlyð Þ
� Si� OHþ Ca OHð Þ2 ¼¼ C� S�H

So the added nano-silica served as nucleation sites, and it offers
more initial point to generate hydrated calcium silicate gels, this
assumption was consistent with the viewpoint by T. Revathi [30].
Another important result can be concluded from Fig. 4 and
Fig. 4b is that the exothermic rate before first 100,000 s (27.78 h)
was higher than that of later 100,000 s (27.78 h). So the impact
of nano-silica on early stage hydration was far greater than that
of later stage hydration. The information was consistent with com-
pressive strength change laws, which means that strength growth
rate of first day is much higher than that of the following 28 days.

The second sharp peak (showed in Fig. 4 and partial enlarged
drawing in Fig. 4b) occurred at around 17 h, when covered acceler-
ation period and deceleration period. It can be found that the
exothermic rate value increased and the peak value appeared
ahead of time with increasing of nano-silica. The results demon-
strated that a massive precipitation of reaction products occur,
which was in favour of geopolymeric gel formation. In comparison
with the specimens without nano-silica, the second peak value
separately appeared at 427 min, 329 min and 209 min in advance,
which indicated that hydration process was greatly accelerated by
incorporating nano-silica. The obtained results agreed with Phoo-
ngernkham [14] that have performed similar experiments. Also,
the geopolymeric reaction was enhanced and the hydration prod-
Fig. 4a. The enlarged partial view in Fig. 4.
ucts amount was increased. Homology mechanisms were also
widely used in cement based nanocomposites. Sagoe-crentsil [44]
believed incorporating of nano-silica evenly distributed in the
matrix supplied more nucleation sites and promoted the polymer-
ization of precursors.

The total hydration heat was tested and presented in Fig. 5. The
results showed that the total heat of hydration increased as nano-
silica dosage increase. The first reason is that the added nano-silica
accelerated the hydration reaction. Its nucleation effect played a
major role in the early stage. The second reason is that, according
to relevant essay [29,32], nano-silica particles have large specific
surface and high activity, which mean that parts of nano-silica
was neutralized with alkali solution to release some heat. At
60,000 s, the total exothermic heat of specimens without 1.0%,
2.0% and 3.0% of nano-silica separately was 28.60, 45.28, 74.51
and 83.46 J/g. Compared to the control specimen, the total hydra-
tion heat of specimens incorporated 1.0 wt%, 2.0 wt% and 3.0 wt%
nano-silica increased by 58.32%, 160.52% and 191.82%, respec-
tively. However, the total heat increase rate decreased to 10.79%,
52.30% and 86.68% at the end of experiment (72 h). All the evi-
dences made for a fact that impact of nano-silica on total hydration
heat mainly lies in early hydration.

3.2. Effect of nano-silica on compressive strength

The changes that compressive strength brings to specimens
without nano-silica and with 0.5%, 1.0%, 2.0%, 3.0% of nano-silica
Fig. 5. Total hydration heat release curves of samples.
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were listed in Fig. 6. It can be found out that compressive strength
presents similar growth orderliness. Namely, with the increase of
nano-silica, the strength value first increased rapidly and then
decreased slowly and the maximize occured when the dosage of
nano-silica was 2.0 wt%. It is noticed that strength value of control
samples (0.0% nano-silica) cured 1 day increased from 21.2 MPa to
34.8 MPa (2.0 wt% nano-silica) and that of the control samples
cured 3 days increased from 29.7 MPa to 41.2 MPa (2.0 wt% nano-
silica) and 28 days strength value from 48.8 MPa (0.0% nano-
silica) increased to 54.7 MPa (2.0 wt% nano-silica). And the strength
growth rate cured for 1d, 3d and 28d could be calculated according
to the data above. Compared to the control sample (without nano-
silica), the strength growth rate cured for 1d, 3d and 28d were
respectively 64.15%, 38.72% and 18.24%. The results revealed that
early strength growth of alkali activated slag promoting by nano-
silica were much better than later stage strength growth.

Based on three major roles of nano-silica, there are three rea-
sons. The first and the most important reason is that the addition
of high activity nano-silica supplied siliceous raw materials, which
means that the parts of nano-silica was consumed by alkali solu-
tion to produce more silicon monomer (precursors) and promoted
the geological polymerization. It was one reason why the hydra-
tion reaction rate was accelerated. The second reason is that more
hydration products were generated. For instance, hydrated calcium
silicate gels, which filled the pores, decreased the porosity,
increased the compactness and improved the strength [45]. The
reaction of nano-silica and alkali solution worked in early stage.
It also explains that the growth rate of compressive strength in
early stage was higher than that of late stage. Secondly, nano-
silica also acts as nucleation seed, which provided more nucleation
sites and facilitated the generation of hydrated calcium alumino-
silicate gels hydrated calcium silicate gels and reduce the induction
period in early period of 12–72 h [30], this was another main rea-
son why hydration rate was accelerated and why nano-silica influ-
enced emphatically on early strength. The assumption showed no
difference with Khater [20] and Riahi [46], and this assumption
consistent with experimental results that the strength did not rise
continuously as increasing of nano-silica dosage but decreased
when a threshold (2.0 wt% nano-silica) surpassed. Because that
the number of nano-silica acted as nucleation seed was limited,
superabundant nano-silica were not increase the number of effec-
tive nucleation seed, but easy to agglomeration and take water in
the solution and hinder the geological polymerization [47]. What
is more, more pores and defects were brought in specimens and
decreased the compressive strength according to Gomez-
Zamorano L.Y. [48].
Fig. 6. Strength development of specimens with nano-silica.
Thirdly, added nano-silica may act as filler, which was based
on the fact that the added nano-silica did not completely react
with the alkali solution. In order to find out if there was unre-
acted nano-silica in the specimens that cured for 1d, rehydration
heat experiments were conduct and the results were listed in
Fig. 7. As noted in Fig. 7 that, there was one peak, which stood
for initial dissolution heat. If there was unreacted nano-silica in
the specimens after curing for 1d, there must be another peak
heat of reaction from unreacted nano-silica and calcium hydrox-
ide added in the experiment in addition to the initial heat of dis-
solution. Thus, it was easy to see that the added nano-silica
cannot act as filler and all the nano-silica added in specimens
was consumed or reacted in the strong alkali solution after the
specimens cured for 1d.

3.3. Effect of nano-silica on micro-structures

3.3.1. Effect of nano-silica on pore structure
Mercury intrusion pore experiments (MIP) were done to

obtain more messages on hydration mechanism and obtained
results were showed in Fig. 8 and Fig. 9. The control specimen
(with 0.0% nano-silica) and 1.0%, 2.0% and 3.0% were selected
to analyze the pores size distribution. It is considered that pores
of different sizes have different effects on cement based materi-
als, three classes of pore size were divided to macropores
(>50 nm), mesopores (2–50 nm) and micropores (<2nm) [49].
As seen in Fig. 8, specimens are highest in mesopores and lowest
in micropores and macropores, the amount of macropores
(50 nm-200 nm) decreased with dosage of nano-silica and the
amount of macropores (larger than 200 nm) for four specimens
were nearly the same. However, as for the mesopores, the num-
ber of mesopores in turn decreases from the control specimens
to specimens adding 1.0 wt%, 2.0 wt% and 3.0 wt%. With regard
to micropores (0–2 nm), the content of micropores in turn
decreases from specimens incorporating 3.0 wt%, 2.0 wt% and
1.0 wt% to the control sample. All the results revealed content
of macropores and mesopores decreased significantly based on
generation of more gels and itself filling effect and the induction
nucleation effect of nano-materials [30]. Therefore, the pores size
distribution was effectively improved and the micro-structure
was fully optimized. Fig. 9 showed the total porosity of speci-
mens with 0.0%, 1.0%, 2.0% and 3.0% nano-silica. It shows that
total porosity decreases along with the increasing of nano-
silica dosage, which suggests that hydration reaction was accel-
erated and more hydration products were produced and com-
pactness was increased [29,50].
Fig. 7. Rehydration exothermic rate curves of specimens.



Fig. 8. Pore size distribution of specimens.

Fig. 9. Accumulative pore volume of specimens.

Fig. 10. TG curves of specimens inclusion of nano-silica.
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3.3.2. TG characterization
The thermo gravimetric test was performed and obtained

results were illustrated in Fig. 10. Fig. 10 shows that, as the tem-
perature increased, the specimen adding 3.0 wt% nano-silica
gained more weightlessness than specimen incorporating 2.0 wt
%, 1.0 wt% and the control specimen (0.0% nano-silica), which
reflected that more hydrates were formed and the evidence
derived from more weightlessness at the same temperature. It
can be observed in the 1st derived curves that the weight loss
between 25 and 100 was due to dehydration reaction of free
water [51]. The degradation that happened at temperature of
100-300 was caused by dehydration reaction of combined water
in hydrated calcium silicate gels. The results revealed that more
hydrated calcium silicate gels were generated with increase of
nano-silica dosage, which consistent with the compressive
strength results. The formation of more hydration products will
inevitably lead to a denser microstructure, which is a major reason
for the increase in compressive strength [45]. When the tempera-
ture went up to 360-400 , a small weight loss occurred, possibly
because Ca(OH)2 decomposed into calcium oxide and combined
water, while Ca(OH)2 might formed from lower solubility and the
reaction of Ca2+ ions and OH� ions. Another small weight loss
can be noted at 700 �C, which might be caused by the decomposi-
tion of CaCO3 produced by carbonization of Ca(OH)2.
3.3.3. SEM characterization
The specimens SEM pictures with nano-silica 0.0 wt%, 2.0 wt%

and 3.0 wt% nano-silica cured for 1 day, 3 days and 28 days were
respectively listed in Fig. 11(a), (b), (c), Fig. 11(d), (e), (f) and
Fig. 11(g), (h), (i). Compared with Fig. 11(a), (b), 11(d), (e) and 11
(g), (h), it was not difficult to find out that the more gelatinous
hydration products was generated, the denser micro-structures
were, and the nano-silica amount increases, too. From Fig. 11(a),
a porous microstructure could be clearly discovered, and no crystal
products with hexagonal plate shape that probably be calcium
hydroxide [52] were found in the porous structure. Usually, the
calcium hydroxides were generated from the reaction of OH� and
Ca2+ and deposited in cavity where supplied enough crystal growth
space in early hydration stage [53]. The assumption was also veri-
fied by thermogravimetric results illustrated in Fig. 10. Neverthe-
less, none of crystal products calcium hydroxide were noted in
Fig. 11(d) and (g), the reason might be that the newly formed cal-
cium hydroxide reacted with highly active nano-silica to generate
hydrated calcium silicate gels, so this reaction mechanism was
similar to volcanic ash effect of nano-silica [42] in cement-based
materials. Less cracks and more gelatinous hydration production
and dense micro-structure were produced according to the com-
parison of Fig. 11(c), (f), and (i), which may be the main reason
for its compressive strength growth incorporating nano-silica.
Another thing to note was that no unreacted nano-silica particles
were found in Fig. 11(d) and (g), which also indicated that nano-
silica was difficult to be stable in strong alkali environment for
1 day. The result obtained was consistent with rehydration
exothermic rate curves, which showed in Fig. 7.

3.3.4. XRD characterization
XRD patterns of specimens cured for 1 day and 28 days were

presented in Fig. 12 and Fig. 13. Figs. 12 and 13 indicates that
the main mineral constituent were hydrated calcium alumino-
silicate gels and hydrated calcium silicate gels, tetracalcium
alumino-ferrite and RO phase [54]. Generally speaking, RO phase,
tetracalcium alumino-ferrite mineral were not easy to be depoly-
merized and participate in the reaction, which would exist in the
final products. An obvious variation tendency can be found in
Fig. 12 that, the peak intensity between 28.3 and 34.4�2h increased
greatly with the accumulation of nano-silica dosage, which sug-
gested that the amount of main products that hydrated calcium
alumino-silicate gels and hydrated calcium silicate gels increased
incorporating nano-silica and the evidence also reflected from



Fig. 11. SEM pictures of specimens cured for different days.

Fig. 12. X-ray diffraction patterns of samples cured for 1 day.
Fig. 13. X-ray diffraction patterns of samples cured for 28 days.
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the SEM picture in Fig. 10. Although the peak intensity increased as
can be noted in Fig. 13, it was not as significant as that in Fig. 12.
Therefore, it can be verified that the hydration process were
improved especially in early stage, which brought up the fine result
that the formation of more gel products and the improvement of
denser micro-structures.
4. Concluding remarks

1. The compressive strengths at early stage and late stage
increased by 64.15% and 18.24%, the strength at early stage
were affected more than late stage when adding nano-silica,
owning to the high activity of nano-silica and it supplied silic-
eous precursors.
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2. The hydration process was promoted and the nano-silica
mainly affected hydration process at early stage rather than
that of later stage. The added nano-silica cannot act as filler
due to its high activity, not to mention that it is easily con-
sumed in the strong alkali solution in the early stage.

3. The pore size distribution of hardened paste and its micro-
structures were effectively improved due to more hydration
products generated, the mesopores increased, micropores and
total porosity decreased when adding nano-silica into alkali-
activated materials.
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