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ABSTRACT

The effects of nano-silica (NS) on setting time and early strengths of high volume slag mortar and con-
crete have been experimentally studied. Effects of NS dosages, size and dispersion methods on strength
development of high volume slag mortars were also investigated. A constant water-to-cementitious
materials ratio (w/cm) 0.45 was used for all mixtures. The results indicate that the incorporation of a
small amount of NS reduced setting times, and increased 3- and 7-day compressive strengths of high-vol-
ume slag concrete, significantly, in comparison to the reference slag concrete with no silica inclusion.
Compressive strength of the slag mortars were increased with the increase in NS dosages from 0.5% to
2.0% by mass of cementitious materials at various ages up to 91 days. The strengths of the slag mortars
were generally increased with the decrease in the particles size of silica inclusions at early age. Ultra-son-
ication of nano-silica with water is probably a better method for proper dispersion of nano-silica than
mechanical mixing method.

Slag

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Ground granulated blast-furnace slag (GGBFS) has been used in
concrete for many years either as a supplementary cementing mate-
rial added in concrete batching plants or as a component added in
production of blended cements. Concretes with high percentages
(>50%) of GGBFS have been used for applications in marine environ-
ments and situations where ground water has high sulfate contents.
Concretes with high percentages of slag can develop good strengths
over time, exceeding those of similar concretes without slag. How-
ever, such concretes often have lower early strength and longer
setting time than Portland cement concrete without slag.

In recent years several researches show that early-age and
28-day strengths of cement pastes [1], mortars [2,3], and concrete
[4] are increased by using a small amount of nano-silica (NS). Higher
strengths of mixtures with NS in comparison to those with silica
fume are also reported for mortars [2,3] and concrete [4]. The higher
strengths are attributed to accelerated cement hydration [1,4], re-
duced pores [2], and improved interface bonding between hardened
cement paste and aggregate [1]. Nano-silica has also been used to in-
crease early strength of concrete with fly ash [5,6]. However, no
information is available on whether NS can be used to decrease
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setting time and increase early strength of concrete with high
volumes of GGBFS.

This paper presents an experimental study on the use of NS to
improve setting time and early strengths of slag mortar and con-
crete. Two types of nano-silica with specific surfaces of 200.1 and
321.6 m?/g were included in the study in comparison to silica fume
with a specific surface of 21.3 m?/g. Effect of NS dosages and dis-
persion methods were also investigated. In addition to the com-
pressive strength and setting time, rate of heat development of
cement pastes in the first 30 h, pore structure of the cement pastes,
and microstructure of the concrete at 28 days were also studied.
Effect of NS on concrete resistance to chloride-ion penetration at
28 days was determined according to ASTM C 1202 [7] test.

2. Experimental details

In this study specimens were prepared to determine effect of
dosage, particle size, and dispersion method of NS on compressive
strength of mortars (from 1 to 91 days) with about 50% GGBFS. A
superplasticizer was used to achieve target flow from 104% to
111% of the mortars. Cement pastes with the same w/cm and
mix proportion as the mortars (except for the sand) were prepared
to determine the rate of heat development and cement hydration
in the first 30 h, and pore structure at 28 days. Selected concrete
mixtures were prepared to determine the effect of NS on setting
time, compressive strength development from 3 to 91 days and
resistance to chloride-ion penetration at 28 days in comparison
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to the reference slag concrete without the inclusion and the con-
crete with silica fume.

2.1. Materials

Normal Portland Cement and ground granulated blast-furnace
slag were used for various mortars and concretes. Two types of
NS with different specific surface areas and average particle sizes
were used in this study in comparison to silica fume. Characteris-
tics of these materials are given in Table 1. Type 1 and Type 2 NS
had specific surface areas of 200.1 and 321.6 m?/g, respectively,
in comparison to 21.3 m?/g of the silica fume. A polycarboxylate
based superplastisizer was used in mortar, paste, and concrete
mixtures for workability purposes. Natural sand with a fineness
modulus of 2.97 was used for mortar and concrete mixtures.
Crushed granite coarse aggregate with a maximum aggregate size
of 20 mm was used for concrete mixtures. Both the coarse and fine
aggregates met the requirements of ASTM C 33 [8]. Tap water was
used for mortar and concrete mixing, whereas deionized water was
used for cement pastes.

2.2. Mortar and concrete mixtures

2.2.1. Mix proportions

Eight mortar mixtures were included in the study (Tables 2-4).
All the mortars had a water-to-cementitious materials ratio (w/
cm) of 0.45 and a sand-to-cementitious materials ratio of 2.75.
Dosages of the Type 1 NS varied from O to 0.5%, 1.0% and 2.0% by
mass of the cementitious materials (Table 2). Mortars with 1% Type
1 or Type 2 NS were compared with that with the same amount of
silica fume to evaluate the effect of specific surface area and parti-
cle size of silica (Table 3). As the NS particles were extremely fine,
influences of mixing and dispersing methods on properties of the
mortars were also evaluated (Table 4).

In addition to the mortars, effect of NS on concrete properties
was studied in comparison to that of silica fume. Mix proportions
of the concretes are given in Table 5.

2.2.2. Specimen preparation, curing, and testing

2.2.2.1. Mortars. Mortars were mixed in a Hobart mixer at an ambi-
ent temperature of about 30 °C. For mortar mixtures with mechan-
ical mixing, solid materials were dry mixed first. Water was added
and mixed for 1 min followed by addition of superplasticizer and
mixed for 1 more min at low speed and 30 s at high speed. The

superplasticizer was used to achieve the target flow from 104%
to 111%. The flow value was determined according to ASTM C
1437 [9].

For ultrasonic mixing, NS and water were mixed first using
ultrasonic mixer with 90 Watts power input for 5 min. The soni-
cated mixture was then mixed in a Hobart mixer with sand, ce-
ment and slag for 1 min. After that, superplasticizer was added
and mixed for 1 min at low speed and 30 s at high speed.

For each mortar mixture, fifteen 50 x 50 x 50-mm specimens
were cast for compressive strength test. The molded specimens
were covered with wet burlap for the first 24 h to prevent moisture
loss. After demold, the specimens were cured in a fog room at a
temperature of about 28-30 °C until the time of testing. Compres-
sive strengths of the mortars were determined at 1, 3, 7, 28, and
91 days according to ASTM C 109/C 109M [10].

2.2.2.2. Concretes. Concretes were mixed using a pan mixer at an
ambient temperature of about 30 °C. Before concrete mixing, NS
or silica fume were mixed with water using the ultrasonic mixer
for adequate dispersion of the particles. The sonicated mixture
was then mixed with aggregate, slag and cement in the pan mixer
for 1 min. The superplasticizer was added and mixed for another
1-2 min to achieve a target slump of about 100 mm.

Twelve 100-mm cubes and one 100 x 200-mm cylinders were
cast for each concrete mixture for determining compressive
strength and chloride-ion penetrability, respectively. Mortar sieved
from the concrete was used to cast a 150-mm cube to determine
setting time of concrete. Compressive strengths of concretes were
determined at 3, 7, 28, and 91 days according to BS EN 12390-3
[11], setting time of concretes were determined according to ASTM
C 403/C 403M [12], and resistances to chloride-ion penetration
were determined at 28 days according to ASTM C 1202 [7]. Curing
of the concretes was the same as that of the mortar specimens.

2.3. Cement paste mixtures

2.3.1. Mix proportions and mixing

Mix proportions of cement pastes were similar to those of the
mortars except for the exclusion of sand. For ultrasonic mixing,
NS and water were premixed in ultrasonic machine for dispersion
of fine particles. Before paste mixing, all the materials including
sonicated mixtures were pre-conditioned at 30 °C for 24 h. The
mixing procedures for cement pastes were similar to those of the
mortars.

Table 1
Physical properties and chemical compositions of materials.
Portland cement Slag Silica fume Type 1 nano-silica Type 2 nano-silica
Chemical composition (%) Ca0 63.4 41.8 0.2 - -
SiO, 20.1 33.1 95.9 >99.8% >99.8%
Al,03 4.1 13.7 0.3 - -
Fe,03 33 0.7 0.3 - -
MgO 3.6 49 0.4 - -
Na,O 0.22 0.2 0.05 - -
K0 0.43 0.5 0.6 - -
SOs 2.1 0.7 0.2 - -
LOI 24 0.6 1.5 - -
Mineral phases (%) CsS 66.8 - - - -
C.S 7.3 - - - -
CA 53 - - - -
C4AF 10.1 - - - -
Physical properties (%) Blain fineness (m?/kg) 308 - - - -
BET surface area (m?/g) - - 213 200.1 321.6
Average primary particle size 28.2 pm 16.7 um 150 nm? 12 nm* 7 nm*
Specific gravity 3.15 2.94 2.2° 2.2° 2.2°

@ Information provided by supplier.
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Table 2
Mix proportions and flow values of slag mortars with different dosages of Type 1 nano-silica with specific surface area of 200.1 m?/g (w/cm = 0.45).
Mix ID % of nano-silica by mass of cementitious materials ~Mixing procedure  Mix proportion Super-plasticizer*  Flow (%)
Water Cement Slag Nano-silica  Sand
Control 0 Mechanical 0.45 1.0 0 0 275 054 110
SLO 0 Mechanical 0.45 0.5 0.5 0 275 042 110
SL0.51 0.5 b 0.45 0.5 0.495 0.005 275 0.62 110
SL11 1.0 b 0.45 0.5 0.490 0.010 275 0.88 110
SL21 2.0 b 0.45 0.5 0.480 0.020 275 148 105
2 % of (cement + slag + nano-silica) by mass.
b With ultrasonic premixing of nano-silica + water.
Table 3
Mix proportions of mortars for evaluating the effect of nano-silica size in comparison to that of silica fume (w/cm = 0.45).
Mix ID Nano-inclusions Mixing procedure Mix proportion Super-plasticizer® Flow (%)
Type Water Cement Slag Nano-inclusion Sand
SL1SF Silica fume Mechanical 0.45 0.5 0.49 0.01 2.75 0.42 107
SL11 Type 1 NS b 0.45 0.5 0.49 0.01 2.75 0.88 110
SL12 Type 2 NS b 0.45 0.5 0.49 0.01 2.75 1.04 111
2 % of (cement + slag + nano-inclusion) by mass.
> With ultrasonic premixing of nano-silica + water.
Table 4
Mix proportions of mortars for evaluating mixing and dispersion methods of the nano-silica (w/cm = 0.45).
Mix ID Mixing and dispersing procedure Mix proportion Super-plasticizer? Flow (%)
Water Cement Slag Nano-silica Sand
SL11 b 0.45 0.5 0.49 0.01 2.75 0.88 110
SL11 (M) Mechanical 0.45 0.5 0.49 0.01 2.75 1.17 104

@ % of (cement + slag + nano-silica) by mass.
b With ultrasonic premixing of nano-silica + water.

Table 5

Mix proportions of concretes for evaluating the effect of nano-silica in comparison to that of silica fume (w,

/cm = 0.45).

Mix ID Nano-inclusions Mixing procedure Mix proportion (kg/m?) Slump (mm)
Type Water Cement Slag  Nano-inclusion  Sand  Coarse aggregate  Super-plasticizer

CSLO - Mechanical 180 200 200 0 774 1014 1.4 95

CSL2SF  Silica fume a 180 200 192 8 771 1014 1.7 85

CSL21 Type 1 NS a4 180 200 192 8 771 1014 4.0 85

2 With ultrasonic premixing of nano-inclusion + water.

2.3.2. Evaluate the rate of heat generation and cement hydration

Effect of NS on the rate of heat generation in cement pastes was
evaluated according to ASTM C 1679 [13] by a Thermometric TAM
Air 3115 isothermal calorimeter at a temperature of 30 °C. This
temperature was selected to simulate weather conditions in trop-
ical countries. The heat generation in the cement pastes reflects
rate of cement hydration. The calorimeter was conditioned at
30 °C for a day before experiments, and amplifier range was set
at 600 mW.

After the mixing, paste sample of about 10 g was transferred
into a sample ampoule with the sample mass recorded. After cap-
ping the ampoule, the sample and reference ampoules were in-
serted into the calorimeter. The calorimeter started to record
heat at about 15 min after the cementitious materials were in con-
tact with water, thus the heat generated initially during mixing
and preparation was not captured. The heat generated from the
cement hydration was monitored continuously for 30 h. The power
output (in mili-watt) from the calorimeter due to the heat gener-
ated was recorded every minute. The power output was normal-
ized based on sample mass. The normalized power output was
then converted to heat generated in the sample (in joules/gram).

2.3.3. Determining porosity and pore size distribution

The cement paste was cast in small plastic bottles and sealed
with preheated wax and capped. The bottles were slowly rotated
for the first 24 h to minimize segregation/bleeding and to ensure
homogeneity of the cement paste sample. After that, the sample
bottles were stored in the sealed condition at about 30 °C for
curing.

At specified ages, the cement paste was removed from the bot-
tles. Top and bottom part of the paste together with that in contact
with inner wall of the bottle were removed by a chisel. The sam-
ples were broken into small pieces and dried in a vacuum oven
at 50 °C until constant weight was reached.

Mercury intrusion porosimetry (MIP) was used to determine
porosity and pore-size distribution of the mortars cured for
28 days. The test was performed using Micromeritics Autopore
WIN9400 Series mercury porosimeter with a maximum pressure
of 412.5 MPa. The minimum pore diameter reached under the
maximum pressure was about 3.8 nm assuming a contact angle
of 141.3° and a mercury surface tension of 0.485 N/m. Approxi-
mately 1.5 g of the hardened cement paste sample (3-5 mm in
size) were used for each test.
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2.3.4. Scanning electron microscopy

The microstructure of the concrete specimens CSLO and CSL21
was examined to determine the influence of NS addition. 25 mm
thick discs were cut from 100 mm x 200 mm concrete cylinders
after 28 days of moist curing. They were dried in a vacuum oven
at 50 °C until constant weight was reached. A 25 mm square spec-
imen was cut from the concrete disc using a diamond precision
cutter. The specimen was then impregnated with epoxy, polished
and sputter coated. Scanning Electron Microscope (SEM) examina-
tion was carried out in the backscattered electron mode using an
Apex Personal SEM. Energy dispersive X-ray was also used to
identify the phases.

3. Results and discussion
3.1. Compressive strength development

3.1.1. Effect of nano-silica dosage on strength development of mortars

Compressive strength development of the slag mortars incorpo-
rating different dosages of Type 1 NS is given in Fig. 1 in compar-
ison to that of control Portland cement mortar and reference
mortar with 50% slag. The mortar with 50% slag had lower com-
pressive strengths than the Portland cement mortar from 1 to
91 days as expected. However, the compressive strength of the slag
mortars increased with the increase in NS dosages up to 91 days.

Percentage of strength increases of the mortars with the NS
compared with the reference mortar with 50% slag is summarized
in Table 6. With 2% NS, the compressive strength of the slag mortar
increased by 39% and 30% at 3 and 7 days, respectively. The slag
mortar with 2% NS had almost the same strength as the Portland
cement mortar at 7 days, and exceeded strengths of the latter at
28 and 91 days. It is noted that the incorporation of the NS had less
significant effect on the 1-day strength of the slag mortars than at 3
and 7 days. This might be related to the higher dosages of the
superplasticizer used which had retarding effect in the mortars
with NS to achieve a given workability.

3.1.2. Effect of particle size of nano-silica on strength development of
mortars

Fig. 2 shows the effect of NS size on the compressive strength of
the slag mortar compared to that with silica fume. With the incor-
poration of 1% NS and silica fume, the compressive strengths of the
slag mortars were increased. The compressive strengths of the slag

mortars were generally increased with the decrease in the particles
size of SiO, inclusions from 1 to 91 days. With 1% NS with particle
size of 7 nm, the compressive strengths of the slag mortars were
increased by 35% and 21% at 3 and 7 days, respectively (Table 6).
The increased early strengths with the incorporation of smaller
size silica may be related to their high specific surface areas that
increased rate of cement hydration and pozzolanic reaction. The
results are consistent with findings by Qing et al. [1].

3.1.3. Effect of mixing and dispersion method on strength development
of mortars

Effects of mixing and dispersion methods on the compressive
strength development of slag mortars are shown in Fig. 3. No sig-
nificant difference was observed in compressive strength develop-
ment of mortars prepared by ultrasonicated NS with water and
mechanical mixing method. However, careful examination of the
data shows that the density of the mortar prepared by ultra-soni-
cation of nano-silica (2231 kg/m?®) was lower than that prepared by
mechanical mixing (2275 kg/m?). The difference on the density of
the mortars might have effect on the strength. This will be dis-
cussed further in the Section 3.3.3.

3.1.4. Strength development of slag concrete with nano-silica

Compressive strength development of the slag concrete with 2%
Type 1 NS is shown in Fig. 4 in comparison to that of the reference
slag concrete and concrete with the same amount of silica fume.
Percentage of the strength increase of the slag concrete with 2%
NS or silica fume compared with the reference slag concrete is
summarized in Table 6. The results show that the early strengths
of the concrete with the NS were increased by 22% and 18% at 3
and 7 days, respectively, whereas those with silica fume were in-
creased by 4% and 5%, respectively, in comparison to those of the
reference slag concrete. However, at the ages of 28 and 91 days,
the three concretes had similar strength. This might be attributed
to the coarse aggregate used which appears to have reached its
strength limit at about 70 MPa in the slag concretes.

In ordinary concrete, interface transition zone (ITZ) between the
coarse aggregate and mortar matrix is usually the weakest link. As
a result, cracks generally go through the ITZ around coarse aggre-
gate particles. With reduction of w/c and use of fine mineral
admixture such as NS or silica fume, the ITZ and mortar matrix
can be improved substantially. Thus, the strength of the concrete
can be improved. However, if the strengths of the ITZ and mortar

70

—&— Cortrol(100% OPC)
-+ SLO(50% slag, 0% NS)

Compressive strength (MPa)
3

—e -SL0.51(49.5% slag, 0.5%NS)
--&~-SL11(49% slag, 1% NS)

10 — = —S8L21(48% slag, 2% N8S)
. 1 10 100
Age (days)

Fig. 1. Effect of the Type 1 nano-silica dosage on the compressive strength development of mortars.



654 M.-H. Zhang et al./Cement & Concrete Composites 34 (2012) 650-662

Table 6
Strength increases of the mortars and concretes with nano-silica or silica fume compared with reference mortar and concrete with 50% slag.
Mix ID Mortar, % of strength increases compared with reference mortar with 50% slag (SLO)
1d 3d 7d 28d 91d
SLO.51 8 28 14 7 18
SL11 18 31 16 12 15
SL21 14 39 30 17 23
SL1SF 10 17 14 11 13
SL11 18 31 16 12 15
SL12 29 35 21 17 20
SL11 18 31 16 12 15
SL11(M) 15 31 17 10 14
Concrete, % of strength increases compared with reference concrete with 50% slag (CSLO)
1d 3d 7d 28d 91d
CSL2SF - 4 5 1 1
CSL21 - 22 18 3 3
70

| —e— Control(100% OPC)
-+l SLO(50% slag)
| —e— SL1SF(mean size 150nm)

Compressive strength (MPa)

| ==&=-SL11(mean size 12nm)

= %= SL12(mean size 7nm)

1 10 100
Age (days)

Fig. 2. Effect of the particle size of nano-inclusion on the compressive strength development of mortar (nano-silica and silica fume contents are 1% of cementitious materials
by mass).

70

60 e
=
% 50
5
g 40
@
£
@ —— control (100% OPC)
a - W SLO(50% slag)
=
E‘ ==a==SL11(ultrasonic premixing of NS + water)
=]
o] = @ = SL11(mechanical mixing)

10

0
1 10 100

Age (days)

Fig. 3. Effect of mixing and dispersing method on the compressive strength development of mortar with 1% Type 1 nano-silica.

matrix are improved to such extents that coarse aggregate coarse aggregate particles. In such conditions, reducing w/c and
becomes the weakest link in concrete, crack will go through the using fine mineral mixtures will no longer increase the concrete
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Fig. 4. Compressive strength development of concrete with 2% nano-silica in comparison to that of the reference concrete and concrete with the same amount of silica fume.

strength because coarse aggregate is a limiting factor for the
strength of concrete. Fig. 5 shows that cracks went through coarse
aggregate particles in the slag concrete with 2% NS after a compres-
sion test. This might explain why the strength of the slag concrete
with 2% NS was not higher than that of the reference slag concrete
and concrete with 2% silica fume.

3.1.5. Discussion on strength development due to the use of nano-silica
or silica fume

Both the NS and silica fume are nano-sized highly reactive silica,
and the average primary particle size of the former is about
10 times smaller than that of the latter. The mechanisms by which
silica fume modifies cement paste, mortar, and concrete are sum-
marized in ACI Committee 234 report [14]. These mechanisms
are also applicable to NS. As the particle sizes of the NS are much
smaller than those of the silica fume, the physical and chemical
effect of the former is likely more substantial than the latter.

3.1.5.1. Physical effect. From physical perspective, extremely fine
particle size of the NS may have accelerated cement and slag
hydration by providing high amount of nucleation sites for precip-

Fig. 5. Crack pattern in slag concrete with 2% nano-silica under compressive load.
Crack goes through coarse aggregate particles.

itation of cement hydration products in the high-volume slag
concrete. In the slag concrete, the accelerated cement hydration
may also result in increased amount of calcium hydroxide in solu-
tion which may activate and speed up slag hydration.

In addition to the nucleation effect, NS may have acted as reac-
tive filler which reduces bleeding and increases packing density of
solid materials by occupying space between cement and slag par-
ticles. These physical effects of the NS may have contributed to the
increased early strength of the slag concrete observed. However, as
both the NS and silica fume are finer than Portland cement and slag
the filler effect of the NS and silica fume may be similar.

3.1.5.2. Chemical effect. From chemical point of view, NS is highly
reactive pozzolanic material and reacts with calcium hydroxide
(CH) from cement hydration to form calcium silicate hydrate (C-
S-H). Zhang and Gjerv [15] reported pozzolanic reaction of silica
fume as early as 1-day of cement hydration. Since the NS had spe-
cific surface area about 10 times higher than that of silica fume, the
pozzolanic reaction of the NS might have started before 24 h. The
pozzolanic reaction of the NS at very early age might have also con-
tributed to the increase early strength of the slag concrete ob-
served. However, it was reported that addition of silica fume
progressively reduced the alkalinity of Portland cement-silica fume
system after 1 day of hydration [16] which is attributed to pozzo-
lanic reaction of silica fume. As the NS is a highly reactive pozzola-
nic material, addition of the NS may reduce the alkalinity of the
pore solution and consequently reduced the slag reaction.

3.1.5.3. Microstructure modification. In terms of microstructure
modifications, the NS might reduce porosity in cement paste and
in ITZ between the cement paste and aggregate due to the physical
and chemical effects discussed above. It is also reported that NS can
reduce CH crystal size in the ITZ more effectively than silica fume
[17]. The above effects increase the density of the cement paste
and improved bonding between the cement paste and aggregate
(will be discussed in Sections 3.4 and 3.5) which might have
contributed to the strength development.

3.2. Setting time of concrete

Fig. 6 shows the effect of NS on initial and final setting times of
the slag concrete in comparison to the reference slag concrete and
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m CSLO(50% slag)

#CSL2SF(mean size 150nm)

% CSL21(mean size 12nm)

Time (hours)

Fmnal setting time

Initial setting time

Fig. 6. Setting time of concrete with 2% nano-silica in comparison to that of the
reference concrete and concrete with the same amount of silica fume.

concrete with silica fume. Results show reduction of initial and fi-
nal setting times of 95 min and 105 min, respectively, when 2% NS
was used in comparison to the reference slag concrete. However,
incorporation of 2% silica fume did not affect the initial and final
setting time significantly compared to those of the reference slag
concrete. The reduction of the setting times of the NS concrete
may be related to the finer particle size and higher surface area
of the NS compared with those of silica fume which reduced the
dormant period and increased cement hydration (will be discussed
in the next section).

3.3. Rate of heat development

3.3.1. Effect of nano-silica dosage

Fig. 7 shows effects of NS dosage on the rate of heat develop-
ment of cement pastes for the first 30 h, and the inset shows the
corresponding cumulative heat development. A curve of cement
paste without the slag and NS is included for comparison.

The calorimeter curves of the pastes with slag were very differ-
ent from that of the control Portland cement paste without slag.
Hydration of mixtures of Portland cement and slag is generally a
two-stage reaction [18]. During early hydration, predominant reac-
tion is with alkali hydroxide corresponding to Portland cement
hydration (peak 2). Subsequent reaction is predominantly with

5.0

.5 ——— Control (100% OPC)

R R SLO(50% slag, 0% NS)

£ el — - =SL0.51(49.5% slag, 0.5% N§)
E35|) ----- SL11(49% slag, 1% NS)
£ - — — —SL21(48% slag, 2% NS)
E .
g- 25
@
Z 20
-
5
215
Y
=}
5 1.0
~os

0.0

0 5 10

calcium hydroxide which represents slag hydration (Peak 3).
Fig. 5 clearly shows this two-stage reaction with slag hydration
lag behind Portland cement hydration.

Results show that the length of dormant period was shortened
with the incorporation of the NS in the slag cement pastes. Peaks 2
and 3 shifted to left with the incorporation of the NS in the pastes,
suggesting accelerated Portland cement and slag hydration,
respectively. The accelerated cement hydration might be due to in-
creased nucleation sites provided by the fine NS particles. Whereas
the accelerated slag reaction might be attributed to increased ce-
ment hydration and thus increased calcium hydroxide in solution
at early age. There was no definite trend with respect to the dosage
of NS due to the effect of retardation when higher dosage of
superplasticizer was used in paste with increased NS dosage to
achieve a given workability.

At 30 h cumulative heat generated in the cement paste in-
creased with the increase in NS dosage which suggests increased
cement hydration. This seems to be consistent with the slight in-
crease in 1-day strength shown in Fig. 1. With the incorporation
of 2% NS, the length of dormant period was reduced and cumula-
tive heat development was increased with time compared with
reference slag paste. These are consistent with the reduced setting
times of concrete with NS observed in Fig. 6.

Maximum rate of heat development shown in Fig. 7 was re-
duced substantially with replacing 50% Portland cement by slag
as expected. However, the length of the dormant period was re-
duced with the incorporation of slag. This was contrary to findings
by other researchers [19,20], and might be due to the higher dos-
age of superplasticizer in the control cement paste with 100% Port-
land cement than in the reference slag paste with 50% slag (SLO).

3.3.2. Effect of particle size of nano-silica

Effect of NS particle size on the heat development of cement
pastes is shown in Fig. 8. Peak 2 shifted to left and the length of
the dormant period was shortened with the reduction of NS size
and increase in specific surface area. The shortened dormant period
was probably due to the nucleation effect of finer particle size of
NS. For given amount of NS or silica fume added, the smaller the
particle size, the more number of particles are available to act as
nucleation sites for precipitation of hydration products. However,
the changes of the peak 2, and dormant period were not significant
for the different pastes. This was again due to the fact that dosage
of superplasticizer was increased with the reduction of NS size in

3

Cumulative heat
development (J/gm)
¥ 8 38 8 8 B

15 20 25 30

Time (hours)

Fig. 7. Effect of the Type 1 nano-silica dosage on the rate of heat development in cement pastes.
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Fig. 8. Effect of the particle size of nano-inclusion on the rate of heat development in cement paste (nano-silica and silica fume contents are 1% of cementitious materials by

mass).

order to achieve a given workability, and the superplasticizer used
has retarding effect.

With decreasing particle size of NS, peak 3 of the heat develop-
ment curve also shifted to the left. This may be explained by the
increased amount of calcium hydroxide formed due to the acceler-
ation of cement hydration by finer size of NS which substantially
activated the hydration of slag at early age. However, the magni-
tude of the peak 3 was not significantly increased by finer NS.

Cumulative heat at 30 h increased with the reduction in particle
size of NS and silica fume. This seems to be consistent with the
observation of 1-day strength shown in Fig. 2. Moreover, the re-
duced dormant period and increased rate of heat development
were consistent with the setting time of the concretes discussed
in the previous section.

3.3.3. Effect of mixing and dispersion method

Effect of mixing and dispersing method of NS on the rate of heat
development of cement paste is shown in Fig. 9, and the corre-
sponding cumulative heat development is shown in the inset. For

50
4.5 | s SLO(50% slag)

40

35|| — - = SLLI (mechanical mixing)
30
25
20

15

1.0

Rate of heat development (mW/gm)

05

SLII (ultrasonic premixing of NS+water)

Cumulative heat

the paste with NS and water premixed with ultrasonic equipment,
the dormant period was reduced and both peaks 2 and 3 occurred
before those of the reference slag paste (SLO). For the paste pre-
pared by mechanical mixing, however, the length of dormant per-
iod increased, and peaks 2 and 3 appeared later than those of the
reference slag paste. The phenomena observed for the paste by
mechanical mixing might be related partly to dispersion of NS
and partly to the retarding effect due to higher dosage of superp-
lasticizer used. The NS particles are very small and will agglomer-
ate due to high surface interaction. The agglomeration of the NS
might have resulted in decreased nucleation effect.

Cumulative heat generated within the first 24 h in the cement
paste with ultrasonicated NS was higher than that with NS
mechanically mixed with other ingredients which suggests that
the cement hydration was increased by the sonication of NS and
water. However, compressive strength of the mortars prepared
by these two methods was not significantly different at the age
of 1-day as mentioned earlier. The difference between the cement
pastes and mortars may be attributed to two possible reasons.
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Fig. 9. Effect of mixing and dispersing method on the rate of heat development in cement paste with 1% Type 1 nano-silica.
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Fig. 10. Effect of the Type 1 nano-silica dosage on the porosity and pore size distribution in slag cement pastes.

Porosity of high-volume slag cement pastes with nano-silica or silica fume compared with reference slag paste and control cement paste.

Mix ID Large capillary Medium capillary Total capillary Gel porosity ~ Total porosity Threshold diameter  Critical pore diameter
porosity (%) porosity (%) porosity (%) (%) (%) (nm) (nm)
Control ~ 19.4 10.5 29.9 5.4 35.2 126 98
SLO 114 12.7 24.1 8.3 324 126 86
SL11 10.9 13.0 23.9 11.1 35.0 126 86
SL21 9.3 14.8 24.1 133 37.5 100 75
SLO 11.4 12.7 24.1 8.3 324 126 86
SL1SF 113 14.8 26.0 9.3 35.3 126 86
SL11 10.9 13.0 239 11.1 35.0 126 86
SL12 10.9 125 234 121 355 126 87
SL11 10.9 13.0 23.9 11.1 35.0 126 86
SL11(M)  11.2 133 24.5 10.5 35.0 126 86
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Fig. 11. Effect of the particle size of nano-inclusion on the porosity and pore size distribution in slag cement paste (nano-silica and silica fume contents are 1% of cementitious
materials by mass).

First, the lower density of the mortar prepared by the ultrasonica-
tion of nano-silica (SL11) might have resulted in lower compres-
sive strength. This suggests that if the density of the two

mixtures SL11 and SL11(M) was the same, the former might have
higher strength than the latter, consistent with the heat and rate
of cement and slag hydration. The lower density of the mortar
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Fig. 12. Effect of mixing and dispersing method on the porosity and pore size distribution in slag cement paste with 1% Type 1 nano-silica.
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Fig. 13. Typical micro-structural characteristics of reference concrete with 50% slag (CSLO) (a) paste aggregate bonds (b) hardened paste showing the residual slag particles

and (c and d) Ca/Si ratio of the C-S-H gel.
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Fig. 14. Typical micro-structural characteristics of 2% nano-silica added slag concrete (CSL21) (a) paste aggregate bond (b) hardened paste showing the residual slag particles

and (c and d) Ca/Si ratio of the C-S-H gel.

SL11 might be due to inadequate consolidation. Second, sand in
mortar mixtures might have broken down the NS agglomerates,
thus the NS particles might have been dispersed better in mortar
than in cement paste. Thus the strength of SL11(M) might be less
affected by the agglomeration of NS particles.

3.4. Porosity and pore-size distribution of pastes

3.4.1. Effect of nano-silica dosage

Effect of NS on pore size distribution of the various high-volume
slag cement pastes at 28 days is shown in Fig. 10. The correspond-
ing porosimetry data of various pastes are shown in Table 7.
According to Mindess et al. [21], the pores in cement paste are di-
vided into large capillary pores from (10-0.05 pm), medium capil-
lary pores (0.05-0.01 pm) and gel pores (<0.01 pm). The gel pores
are the intrinsic porosity of C-S-H. The mercury intrusion porosi-
meter used in this study was able to detect pores with diameter
down to 0.0038 pm.

The results show that large capillary porosity of slag paste was
decreased, whereas medium capillary porosity was increased with
increasing dosage of the NS. The total capillary porosity of the slag

pastes, however, was not affected significantly by the incorporation
of the NS. Threshold and critical pore diameters were not affected
by the incorporation of 1% NS, but were decreased with the inclu-
sion of 2% NS. The threshold pore diameter is a diameter at first
inflection point of volume-diameter curve which indicates the
minimum diameter of pores that are continuous through the paste
[21,22]. The critical pore diameter is a diameter at which the slope
of the volume-diameter curve is the steepest and corresponds to
the mean size of pore entryways that allows maximum percolation
throughout the pore system [21]. Since permeability and penetra-
tion of harmful substances into the concrete are affected mainly
by the large and medium capillary pores, the incorporation of 1%
NS in the slag concrete may not affect such concrete properties sig-
nificantly. Thus, 2% NS was used for concrete mixtures.

The gel pores of the slag pastes were increased with the in-
crease in the NS dosage, thus the total porosity of the slag pastes
was also increased.

Compared with control Portland cement paste, the pastes with
high volumes of slag had lower large and total capillary porosities
and critical pore diameter, but higher gel porosity. These will con-
tribute to high resistance of slag concretes against penetration of
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Fig. 15. Effect of the particle size of nano-inclusions on charge passed in concrete at
28 days (nano-silica and silica fume contents are 2% of cementitious materials by
mass).

harmful substances and good durability which has been reported
in numerous cases [18].

Mechanism of reduced large capillary porosity in the slag pastes
incorporating NS may be explained by physical and chemical effects
attributed by NS (as described in Section 3.1.5) similar to those with
the use of silica fume in cement pastes as described in ACI Commit-
tee 234 Report [14]. Nano-silica made the pore structure of paste
more homogeneous by decreasing large but increasing medium
capillary porosities. The increased gel porosity might have resulted
from the increased amount of C-S-H in the paste.

Nevertheless, limitations of MIP method should be noted in
evaluation of pores structure of cement based materials. Besides
the required pore shape assumption, “ink-bottle” or “neck-bottle”
[23] effect has been found to have significant influences on the pore
size distributions. Diamond [24] further limited MIP credit only to
threshold diameters and intruded pore space measurements.

3.4.2. Effect of particle size of nano-silica

Fig. 11 shows effect of particle size of NS on porosity and pore-
size distribution of high-volume slag cement pastes at 28 days in
comparison to that of the reference slag paste and paste with the
same amount of silica fume. The porosimetry data of the slag
pastes are summarized in Table 7. The results indicated that the
incorporation of the NS with mean sizes of 7 and 12 nm and silica
fume did not have significant effect on large, medium, and total
capillary porosities and threshold and critical diameters of the slag
pastes. However, the gel porosity was increased slightly with the
decrease of mean particle sizes of the silica inclusions.

3.4.3. Effect of mixing and dispersion method

Effects of mixing and dispersion methods of the NS on porosity
and pore-size distribution of the slag cement pastes are shown in
Fig. 12 with summary of capillary and gel porosity and threshold
and critical pore diameters given in Table 7. The results indicate
that using ultrasonic premixing of NS and water or mechanical
mixing of all ingredients did not have significant effect on pore
structure of the slag pastes.

3.5. Microstructure of slag concrete at 28 days

Fig. 13a-d show typical scanning electron micrographs
obtained from a 28 days old reference high volume slag concrete
(CSLO). From these Micrographs, it can be seen that most of the fine
cement grains were completely hydrated by 28 days of curing.
However, many residual slag grains were identified in the concrete
(Fig. 13a and b), which indicates that the slag grains were either
not hydrated or only partially hydrated. The hardened paste matrix

was dense with some residual slag grains. The Ca/Si ratio of the C-
S-H gel was found to be approximately 1.3-1.7. The aggregate
paste interface was found to be porous (Fig. 13a).

Fig. 14a-d shows microstructure of the slag concrete with 2% NS
in the mixture (CSL21). The degree of slag hydration appeared to be
lower compared to the reference sample without NS, whereas the
degree of cement hydration appeared to be higher as a result of NS
addition. The reduced slag hydration may be attributed to the high
pozzolanic activity of the NS which progressively reduced the alka-
linity of pore solution and consequently reduced the slag reaction
as mentioned in Section 3.1.5.2. The Ca/Si ratio of the C-S-H gel
was determined to be 1.0-1.2, which was lower than that found
in the reference high-volume slag concrete (CSLO). This could be
due to the presence of more amorphous silica in the system that
in turn increased the Si content of the C-S-H gel. The aggregate
and paste interface was denser and continuous compared with
the reference slag concrete (CSLO) mainly due to the effects of
the NS on the interface described in Section 3.1.5.

3.6. Resistance to chloride-ion penetration

Resistance of concrete to chloride-ion penetrability is shown in
Fig. 15. The concrete with 2% NS had lower charge passed in com-
parison to that with the same amount of silica fume. However,
both of the concrete had charge passed below 1000 coulombs,
which is considered “very low” according to ASTM C 1202. Both
of them had lower charge passed in comparison to the concrete
without NS or silica fume. According to Halamickova et al. [25]
the coefficient of chloride-ion diffusion varied linearly with the
critical pore diameter. The reduced charge passed through the slag
concrete incorporating 2% NS was consistent with the reduced crit-
ical and threshold pore diameters, and improved microstructure
discussed in previous sections.

4. Conclusions

Based on the experimental results using nano-silica in high-vol-
ume slag pastes, mortars and concretes with w/cm of 0.45, follow-
ing conclusions can be drawn:

1. Length of dormant period was shortened, and rate of cement
and slag hydration were accelerated with the incorporation of
the NS in the high-volume slag cement pastes.

2. Compressive strength of the slag mortars were increased with
the increase in NS dosages from 0.5% to 2.0% by mass of
cementitious material at various ages up to 91 days.

3. The strengths of the slag mortars were generally increased
with the decrease in the particles size of silica inclusions at
early age.

4. Ultra-sonication of nano-silica with water is probably a better
method for proper dispersion of nano-silica than mechanical
mixing method.

5. The incorporation of 2% NS by mass of cementitious materials
reduced initial and final setting time by 95 and 105 min, and
increased 3- and 7-day compressive strengths of high-volume
slag concrete by 22% and 18%, respectively, in comparison to
the reference concrete with 50% slag.

6. With the increasing dosage of NS, large capillary porosity was
decreased, whereas medium capillary porosity was increased
in the slag cement pastes at 28 days. However, the total cap-
illary porosity of the slag pastes was not affected significantly
by the incorporation of the NS. Threshold and critical pore
diameters in slag cement pastes were not affected by the
incorporation of 1% NS, but were decreased with the inclusion
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of 2% NS. No significant difference in pore structure was
observed among the slag pastes with different particle sizes
of silica, and among those prepared by ultrasonicated NS with
water and by mechanical mixing method.

7. The incorporation of 2% NS by mass of cementitious materials
densified the paste-aggregate interface compared with the
reference slag concrete without NS addition.

8. The 28-day charge passed through the slag concrete with NS
was lower than that of reference slag concrete.

9. Nano-silicas with mean particle sizes of 7 and 12 nm appear to
be more effective in increasing the rate of cement hydration
and reaction compared with silica fume. The NS reduced the
setting times and increased early strengths of the high-volume
slag concrete. However, the setting times and early strength of
the high-volume slag concrete were not affected by the silica
fume significantly. The charge passed through the high-vol-
ume slag concrete with NS was similar to that of concrete with
silica fume.
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