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Abstract

Nanomaterials have been widely used in the past few decades due to their
proven capacity to enhance the mechanical properties of materials. While
many studies have sought to improve the understanding of how nanomate-
rials affect the behavior of concrete, additional research is needed in order to
achieve the full potential of the material, especially in the presence of supple-
mentary cementitious materials. This study aims to investigate the mechanical
properties of cement mortars incorporating both nano-silica (NS) and class F
fly ash (FA). Furthermore, mercury intrusion porosimetry (MIP) was per-
formed to study its effect on pore characteristics, and thermogravimetric
analysis (TGA) was performed to measure the calcium hydroxide Ca(OH),
content in the mixtures. It was found that using nano-silica enhances the
compressive strength, reduces the total porosity and accelerates the pozzolanic
reaction.
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1. Introduction

The use of supplementary cementitious materials (SCM) reduces the embodied
energy in concrete considerably. Furthermore, it significantly improves the du-
rability of concrete and increases its lifecycle thus leading to a more sustainable
design. However, despite the available literature on nanotechnology and its ap-
plications in the construction industry, further research is needed on the effect
of using nano silica (NS) in concrete, especially when combined with SCMs. Fly
ash is the most commonly used supplementary cementitious material in the ce-
ment industry because of its various advantages like increased flowability [1],

and strength gain at later ages. However, fly ash slows the setting time and the
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strength gain at early ages [2] [3].

Researchers have examined the effects of using NS in pastes [4], mortars [5]
and concrete [6] [7]. The majority of these studies found that using small dosag-
es of NS improves the early age and the 28-day strength, which is attributed to
pore refinement and to the enhanced characteristics of the interfacial transition
zone between paste and aggregate. However, inadequate dispersion of NS can
lead to agglomeration, which can drastically reduce the benefits of using NS es-
pecially at early age [8]. Also, very few researchers examined the combined effect
of using both NS and fly ash especially in terms of porosity and pozzolanic activ-
ity. This paper aims to investigate the combined effect of using NS and fly ash on

cement mortars’ compressive strength, porosity and pozzolanic activity.

2. Experimental Program
2.1. Materials

Colloidal NS was used in the form of an alkaline aqueous solution with 50% sili-
ca by weight. The nano-silica dispersion was sodium stabilized and the particles
have a negative surface charge. The properties are tabulated in Table 1. Class F
fly ash conforming to ASTM C 618 [9] was used, and type I ordinary portland
cement (OPC). In this study, the performance of cement mortars containing
class F fly ash will be assessed in the presentence of colloidal nano-silica. Three
main groups are tested with: 0%, 25%, and 35% FA replacements. In each of these

groups 0%, 2%, and 4% NS replacements are investigated as shown in Table 2.

Table 1. Properties of NS.

Nano-Silica, wt (%) 50
pH 9
Viscosity, cP 15
Density, g/cm® 1.4
Na,0, wt (%) 0.4

Table 2. Proposed test matrix.

binder percentage

Group number Mixture ID
OpPC Fly ash CNS
OPC 100 0 0
Group 1 NS1 98 0 2
NS2 96 0 4
FAl 75 25 0
Group 2 NF1 73 25 2
NEF2 71 25 4
FA2 65 35 0
Group 3 NF11 63 35 2
NE22 61 35 4
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2.2. Testing Methods

The compressive strength gain of different mortars was assessed by testing stan-
dard cubes following ASTM C 109 [10]. The mortar cubes were cured in a lime
bath until the age of testing in order to prevent calcium leaching. Furthermore,
the pore properties of the matrix were evaluated using mercury intrusion poro-
simetry (MIP). And finally, in order monitor the progress of the pozzolanic
reaction, thermogravimetric analysis (TGA) was used to quantify the amount of
calcium hydroxide (Ca(OH),) in the system. The consumption of calcium hy-
droxide is a direct indication for the progress of the pozzolanic reaction in the

presence of FA and NS after accounting for carbonation [11].

3. Results and Discussions

3.1. Compressive Strength

Colloidal NS improved the compressive strength of mortar in all groups. With
no FA replacement, introducing 2% and 4% NS improved the compressive
strength from 6.54 ksi to 7.37 ksi and 7.71 ksi, respectively. With 25% FA re-
placement, the addition of 2% and 4% NS enhanced the compressive strength
from 6.68 ksi to 7.14 ksi and 7.23 ksi, respectively. Finally, for 35% FA replace-
ment, the addition of 2% and 4% NS improved the compressive strength from
6.48 ksi to 6.56 ksi and 6.93 ksi, respectively. These results are illustrated sepa-
rately in Figure 1. The three groups are separated to observe the improvement
caused by NS within each group where the FA replacement is constant and not

between different percentages of FA.
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Figure 1. Compressive strength of the tested mortar mixtures.
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The observed improvement in compressive strength can be attributed to the
accelerated pozzolanic reaction in the presence of NS along with a decreased
porosity which will be discussed in the next section. The NS reacts with calcium
hydroxide to produce calcium-silicate-hydrate (C-S-H). A smaller amount of
calcium hydroxide is available in the mixtures containing FA since cement, the
source of calcium silicates that react with water to form calcium hydroxide, is
being partially replaced by FA. Accordingly, more calcium hydroxide is con-
verted into C-S-H in the absence of FA which increases the relative improve-
ment of strength between groups. Namely, in Group 1 where there is no FA re-
placement, a larger improvement in the compressive strength is observed when
NS is added with respect to the control specimen whereas when NS is added to
Groups 2 and 3, less improvement in f is observed in NF1, NF2, NF11, and
NF22 when compared to FA1 and FA2 respectively. Furthermore, FA is known
to refine the porosity of concrete [12]. Accordingly, while NS generally reduces
the porosity, a smaller reduction in porosity is expected when NS is introduced
in the FA based groups when compared to the group not containing FA after the

introduction of NS.

3.2. Mercury Intrusion Porosimetry

Mercury intrusion porosimetry can be utilized to study the pore distribution of
hardened cementitious materials over a range going from a few hundred micro-
ns to as small as few nanometers. In the MIP test, mercury is pressured to fill
pores in the samples. As a non-wetting liquid, mercury does not naturally pene-
trate the pores and, therefore, the pressure required to force it into the pores can

be correlated to the corresponding pore volume in the form:

|27 cos 6| =Pr (1)

where yis the surface tension of mercury, @is the angle of contact, Pis the pres-
sure and r is pore radius. Subsequently, the recorded values are plotted in the
form of a curve that traces the cumulative pore volume versus pressure. While
this method is quite popular, it has some drawbacks pertaining to the assump-
tions made in order to get the total porosity. Particularly assuming constant sur-
face tension within the sample and ignoring pore irregularity [10].

Using MIP, the measured average porosity of mortar samples decreased for all
categories in the presence of NS. This can be attributed to the filler effect where
the small NS particles fill smaller pores that cannot be filled by relatively larger
cement particles, sand, or FA particles. Decreasing the porosity of samples leads
to an increase in the compressive strength and a reduction of potential environ-
mental deteriorations. The average pore diameters for all samples are illustrated
in Figure 2.

Furthermore, as shown in Figure 3, introducing 2%, and 4% NS replacements
results in a reduction in the total porosity and smaller-sized pores in Group 1

with respect to the samples that had 25% and 35% FA replacement. However,
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Figure 2. Average pore diameter as measured by MIP.
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Figure 3. Pore size distribution of tested mortar mixtures.

larger-sized pores are observed with the NS samples, an indication of potential
agglomeration. Many of the benefits of NS can be compromised by agglomera-
tion [11]. And sonication or better dispersion techniques should be introduced
to prevent agglomeration that compromises enhancements in porosity and

compressive strength.
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3.3. Thermogravimetric Analysis

Thermogravimetric analysis was performed on paste rather than mortar. This
was done to eliminate any impurities that may be introduced by sand. Closed
plastic containers were used to mold the paste and parafilm was also used under
the lid to prevent any carbonation. The impermeable containers were then kept
at a room temperature of 24°C. At the time of testing, the samples were removed
from the plastic containers, ground using a mortar and pestle to pass sieve #200.
Consequently, the powder was placed in the TGA under an inert gas (N,) to dry
at 100°C. After drying the sample and the weight loss stops, the sample is heated
again at 15°C/min and the weight loss was recorded. Additionally, the first de-
rivative of the TG curve (DTG) is recorded with respect to temperature. Each
peak in the DTG curve indicates a different phase and the mass loss in that re-
gion can be used to quantify the phase in question. In this study, Ca(OH), is of
interest and any Ca(CO), resulting from carbonation. This is typically found
between 400°C and 550°C and can be precisely detected by following the DTG
peaks [13]. A reduction in the amount of Ca(OH), with respect to the control
specimen is a direct indication of the progress of the pozzolanic reaction. This
method has been widely used to qualitatively and quantitatively measure
Ca(OH), and the additional C-S-H formed [14] [15] [16].

NS decreases the content of Ca(OH), for all groups at all ages as shown in
Figures 4-6. This reduction in the amount of calcium hydroxide is very benefi-
cial because it indicates the progress of the pozzolanic reaction and the produc-
tion of additional C-S-H. In addition to the improved mechanical characteristics
caused by C-S-H, low calcium hydroxide content reduces the potential for alka-
li-silica reactions where calcium is a vital element for that reaction [17]. While
calcium hydroxide slightly contributes to the overall strength of cement mortars
by growing in available spaces and reducing the porosity, it has a general detri-
mental effect on the durability of the cementitious matrix. It is more soluble
than C-S-H and leaching of calcium hydroxide can increase the permeability of

the mortar and increase its vulnerability to environmental agents [18].
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Figure 4. Calcium hydroxide content for Group 1.
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Figure 5. Calcium hydroxide content for Group 2.
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Figure 6. Calcium hydroxide content for Group 3.

4. Conclusions

The current study assessed the influence of colloidal NS on cement mortars in 3
separate groups that contained 0%, 25% and 35% FA replacements respectively.
And the following conclusions are drawn:

e The use of colloidal NS improves the compressive strength of all mortar
groups, but it is most effective in the groups not containing FA. This improve-
ment is attributed to the accelerated pozzolanic reaction and the filler effect.

e The use of colloidal NS reduces the average pore diameter for all mixtures,
the small particle size of NS helped reduce the amount of small pores but ad-
ditional large-sized pores are observed which may be attributed to agglome-
ration.

e Colloidal NS reduces the amount of calcium hydroxide in the mixtures and is
therefore efficient in converting calcium hydroxide into calcium silicate hy-
drate and in enhancing the pozzolanic reaction even at early age.

Since potential signs of agglomeration were observed in the form of large
pores, it is important to emphasize the need for dispersion thorough available
methods including sonication or high energy mixing for best results. Also, Scan-

ning Electron Microscopy (SEM) and other techniques could be used in order to
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verify the results and add more details about the hydration process and chemical

composition of the resulting mixture.
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