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Abstract

This paper examines the influence of commercially available nano silica (NS) admixtures on salt ingress and reaction in mortar. A series of mortar mixtures
at dosages ranging from 2.6 to 41.8 mL/kg were tested using isothermal calorimetry (IC), thermogravimetric analysis (TGA), low temperature differential
scanning calorimetry (LTDSC), and chloride profiling. Thermodynamic modeling was used to support the experiments. IC showed that the heat of hydration
was slightly higher (2-3%) than the reference mixture when the NS admixtures were used. TGA indicated up to 18% reduction in calcium hydroxide at low
admixture concentrations (2.6 to 7.8 mL/kg), which is greater than the reduction that would be expected due to pozzolanic reactions alone. At higher
admixture dosages (above the recommended dosages), the calcium hydroxide contents were similar to or higher than those of the reference mixture.
LTDSC results showed up to a 30% reduction in calcium oxychloride (CaOXY) formation potential; however, this reduction may not be sufficient to avoid
the potential damage associated with expansive CaOXY formation at concrete joints in pavements and flatwork. The NS admixtures did not affect chloride
ingress profiles significantly. Thermodynamic calculations indicate that although the admixtures provide reactive silica that acts pozzolanically, the amount
is relatively small compared to the admixture dosages used.
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1 Introduction only cement, while compressive strength may not improve in
mixtures containing SCM. Sharaky et al. [9] reported that with
NS additions of 1.5 and 3% by mass of cement, compressive
strength increased and water absorption decreased.

New admixtures are emerging in modern concrete. The goal
of many of these admixtures is to improve the fresh and
hardened properties of concrete. One family of admixtures
that has recently emerged is those containing nano silica (NS)
particles. AClI 241R-17 discusses recent developments in
nanoscale additives highlighting how nanoparticles can
enhance the densification of the microstructure of hardened
cementitious systems through improved particle packing.
Aggarwal et al. [1] describes how the high surface area to
volume ratio of nanoparticles enables rapid reactions, but it
can also cause particles to agglomerate if not properly
dispersed.

NS has also been found to increase the rate of hydration,
which has been attributed to NS acting as a nucleating agent
and participating in pozzolanic reactions [10]. Hou et al. [11]
investigated colloidal nano-silica at dosages primarily around
5 wt.% of cementitious materials, with additional data
reported at lower dosages (0.5 and 1 wt.%). They showed that
the calcium hydroxide (CH) production is similar or up to 2%
greater when NS is used (due to nucleation and accelerated
reaction); however, the CH reduces at later ages due to
. » consumption by pozzolanic reactions. Belkowitz [12]
NS can be considered as a supplementary cementitious compared plain pastes, pastes with silica fume, and pastes
material (SCM) in the size range of 1 to 1000 nm [2-5]. NS can with NS of different particle sizes and showed that the CH
be used in various forms but is often a slurry-type liquid
additive where it can be blended with other materials to
improve dispersion [6, 7]. Collepardi [8] discusses how ultra-
fine amorphous NS reduces bleeding and segregation in self-
consolidating concrete. Aggarwal et al. [1] reported that NS
might improve compressive strength in mixtures containing

content decreased with the addition of NS, presumably due
to pozzolanic reactions. As the silica particle size increases
(from the smallest nano silica to silica fume), the rate of the
pozzolanic reaction decreased [3].

While the pozzolanic reaction is often mentioned for the
benefits of concrete containing NS, at very early ages, from
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the time after mixing or right before initial set, there is a lack
of CH present in the system (as shown in Figure 1). Gartner et
al. [13] described how during the initial dissolution phase of
hydration the calcium level is below CH saturation in the pore
solution, and as such, one would not expect CH to precipitate
until approximately the end of the induction period. This is
consistent with data from Roy et al. [14], Diamond and Odler
[15], and Sant et al. [16]. Yi and Feldman [17] reported that
the addition of silica reduces both Ca* and OH- ion
concentration at early ages, hence promoting CH
precipitation. Therefore, it appears that initially NS may serve
as a nucleating agent, enabling a surface for C-S-H to form.
Dissolved silica in the pore solution may also delay the
precipitation of CH in favor of C-S-H formation, extending the
induction period and delaying the acceleration period.

Tests performed using alternative forms of silica may help in
understanding the role of NS on the performance of concrete
[18]. For example, tetraethyl orthosilicate (TEOS) has often
been used as a consolidant for hardened cementitious
products and fired bricks [19]. TEOS use increases strength,
reduces porosity, and decreases permeability by reacting with
CH and lengthening the chains of C-S-H. Sandrolini et al. [20]
confirmed that the use of TEOS resulted in pozzolanic
reactions. Gaitero [21] used NMR to show that NS tetrahedra
form, impacting the non-evaporable water. Yang et al. [22]
reported when used in fresh cementitious mixtures, TEOS
lengthened the induction period and reduced the calcium-to-
silica ratio (Ca/Si) of the C-S-H.
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Figure 1. Formation of hydrates during the hydration kinetics of OPC
(after [15]).

Yang et al. [22] showed that for low addition rates of TEOS (up
to 1% by mass of cement) hydration was accelerated, while
for higher dosages (3 and 5% by mass of cement) the opposite
effect was observed. It was reported that the secondary
tricalcium aluminate reaction peak shifted to earlier ages as
the silica increased (occurring at nearly the peak hydration
rate of the calcium silicates for 1% TEOS), resulting in a
substantial reduction in the CSH reaction (which is similar to
what is observed with an insufficient sulfate balance [23]).

In North America, NS has begun to be added to specifications.
For example, the Indiana Department of Transportation
(INDOT) permitted NS, noting the benefits of water retention,

workability, pumpability, increased strength, and reduced
permeability [24-26]. INDOT also permitted alternative
curing, enabling NS to be used in place of water curing [27].
Similar interest in using NS exists in other parts of the world.
As these materials become more widely used, it is important
to understand their impact on the performance of
cementitious systems.

NS are being pursued due to the expected benefits of water
retention, workability, pumpability, increased strength, and
reduced permeability. One question that arises is that most
admixtures containing NS used in concrete typically contain
relatively low NS dosages. As such, there are questions on
whether, at these dosages, the full benefits generally
associated with conventional SCMs can be achieved. The
main objective of this paper is to provide answers to some of
these questions. Specifically, this paper evaluates two NS
admixtures at and above their recommended dosage levels to
determine their impact on non-evaporable water, CH
consumption, potential reaction with deicing salts to form
CaOXY, and chloride ingress. This paper also aims to provide
data that allows these materials to be compared to more
conventional SCM sources.

2 Materials and methods
2.1 Materials

Commercially available, ASTM C595 [28] Type IL portland-
limestone cement (PLC) with an interground limestone
content of 11.73% was used for all the mixtures. The
estimated Bogue composition of the PLC is 35% CsS, 29% C.S,
7% CsA and 8% C4AF (by mass). The chemical composition of
the cement was determined using X-ray fluorescence from
which the oxide composition was determined using the fused
bead process. The fused beads were prepared by combining
1 g powder with 5 g flux. The flux composed of 49.75% lithium
metaborate, 49.75% lithium tetraborate, and 0.50% lithium
iodide was mixed gently in a platinum crucible and fused in a
furnace for approximately 25 minutes at 1450°C. The
chemical composition of the PLC used is provided in Table 1.

The sand used is graded standard sand that conforms to
ASTM C778 [29]. It has a d50 of 0.375 mm. Tap water was
used.

Table 1. Chemical composition of the Type IL portland-limestone
cement (PLC).

Na20eq MgO | AlOs SiO2 P20s SO3 cl

Oxide 0.14 3.38 433 19.28 0.04 3.62 | 0.01

(%)

K20 Cao TiO2 | Mn0s | Fex03 | ZnO LOI

0.89 60.20 | 0.28 0.11 2.55 0.03 | 5.16

Two distinct types of NS admixtures have been considered in
this study. Admixture A is an ASTM C494 [30] type S
admixture designed to be used at dosage rates of 4 to 12
oz/cwt (2.6-7.8 mL/kg) cementitious material. The admixture
contains non-crystalline silica and has a solid content of
31.8%. The product literature of this admixture reports that it
can improve finishability, retain slump, increase viscosity,
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enhance workability, and improve surface densification while 1000
retaining moisture to reduce evaporation rates in concrete
[31]. Admixture B is an admixture designed to be used at 800 - DOR’“OD"’“V
dosage rates of 8 to 20 oz/cwt (5.2-13.1 mL/kg) cementitious . Theoretical Al,O, 'V /
material. The admixture is reported in product literature to be g 600 4 DOR*=80% g:’gz"mca‘
a NS designed to improve finishability, pumpability and ‘g //
workability. It is also reported to reduce evaporation and S 4004 - A
reduce evaporation from concrete [32]. Admixture B was o DOR’“‘O%/ ‘-a/a DOR"=60%
measured to have a solid content of 32.4%. 200 - DOR‘:/ ‘
20% Admixture Al
Scanning Electron Microscopy (SEM) has been used on the = Admixture B
dried solid fraction of the admixtures to estimate the nominal 0 pe—DOR™=0% : :
particle size. Based on the SEM observations, Admixture A 0 50 100 150 200 250
exhibits an average particle size of approximately 48 nm, CH Consumed (g/100 g SCM)
while Admixture B shows an average particle size of
approximately 27 nm. Figure 2. Pozzolanic reactivity (DOR*) of the studied admixtures

. .. e measured using the PRT test (replicate testing shown).
2.2  Pozzolanic Reactivity of Nano Silica & P &

The pozzolanic reactivity of the NS has been evaluated using Table 2. Mixture proportioning.

the Pozzolanic Reactivity Test (PRT) [33-35]. The sample is Standard Type IL Admixture

prepared by combining one-part pozzolan (in this case, the NS | paterial | €7@€d | pc | Water W/B| L/S

admixture rather than just the solid pozzolan), three parts CH Sand (kg/m3) (ke/m?) ozfewt| WE%of RNy
. . ) (kg/m3) cementitious

and 0.5 M KOH solution. The paste is prepared following the

procedure described in [36]. The test method combines CH  |Reference| 1192.5 | 744.0 | 3100 | 0.0 0 0.4210.16

consumption determined using thermogravimetric analysis

(TGA) [33, 37] with the heat release measured for 240-hours Al 1192.5 | 744.0 | 310.0 4 0.26 0.42|0.16

(10-days) at a temperature of 50°C using an isothermal

calorimeter. The extent of the pozzolanic reaction is A2 1192.5 | 744.0 | 310.0 8 0.52 0.42|0.16

determined by measuring the amount of CH consumed and

heat generated by the pozzolanic reactions after ten days at A3 1192.5 | 744.0 | 310.0 | 12 0.78 0.42(0.16

50°C. These values are superimposed on a plot with

theoretical CH consumption and heat release lines for A4 1192.5 | 744.0 | 310.0 | 32 2.08 0.43(0.17

reference SiO, and Al,O; systems at equilibrium at different

theoretical maximum reactivities (Figure 2) [34, 38]. A5 1192.5 | 744.0 | 310.0 | 64 4.17 0.44|0.17

Depending on the relative position of the point represented

by CH consumption and heat release with respect to the B1 1192.5 | 744.0 | 310.0 4 0.25 0.42(0.16

theoretical lines, the DOR* can be quantified. This test

provides a methodology for measuring the amount of B2 1192.5 | 744.0 | 310.0 8 0.52 0.42|0.16

reactive versus non-reactive components of a pozzolan,

which is quantified as the maximum degree of reactivity B3 11925 | 744.0 | 310.0 | 12 0.78 0.42]0.16

(DOR*). As shown in Figure 2, Admixture A was found to have

a DOR* of 58%, and Admixture B was found to have a DOR* B4 11925 | 744.0 | 310.0 | 32 2.08 0.43|0.17

of 41%. These reactivities are higher than a large range of

silicious pozzolanic materials (e.g., fly ash) [39]; therefore, B5 1192.5 | 744.0 | 310.0 | 64 4.17 0.4410.17

they show promise to act pozzolanically.
2.3 Mixture proportions 2.4 Mixing procedure

Eleven different mixtures were considered in this study and The commercial NS products used in this study are supplied
are presented in Table 2. These mixtures present 45% sand by as colloidal suspensions. The dispersant trisodium 1-(4-

volume and a water-to-binder ratio (w/b) of 0.42. While the sulfonatophenyl)-4-(4-sulfonatophenyl azo)-5-pyrazolone-3-
presence of sand may introduce local variability in paste carboxylate (Tartrazine) present in the products contributes
content, this effect was minimized by grinding and 5 particle dispersion. The colloidal solution also exhibits a
homogenizing large sample masses prior to subsampling for high pH (9-11 for admixture A [40] 9-10 for admixture B [41])

all analyses. The first mixture is a plain mortar mixture (i.e., which generates a negatively charged particle surface and
Reference). Mixtures Al to AS have been prepared with an helps limit aggregation. Therefore, no additional dispersion

increasing dosage of admixture A. Mixtures B1 to B5 have steps were required, and the admixture has been added
been similarly prepared with an increasing dosage of directly to the batching water as suggested in the product
admixture B. technical sheet. Once the material was mixed, it was cast in

50.8 mm x 101.6 mm (2in x 4in) cylindrical molds in two lifts,
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vibrating to provide compaction after each lift. The molds
were then sealed with their lids, taped with duct tape and
double-bagged using zip-lock bags to minimize moisture loss.
The samples were stored at 23 + 2°C for 91 days in sealed
condition.

3 Methods

3.1 Degree of hydration (DOH, non-evaporable
water content)

To measure the degree of hydration, 1 cm slices were cut into
the cylindrical mortar samples, crushed, and then dried in an
oven at 105°C for 24 h. Next, approximately 6g of the material
was placed in ceramic crucibles, weighed, and then placed in
a furnace at 1050°C for 3 h. The weights were recorded to
monitor the evaporable and non-evaporable water contents.
The measurements were corrected to account for the loss on
ignition (LOI) of the constituent materials.

3.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed to assess
the CH and CaCOjs contents of the samples. A 1 cm slice was
cut from the cylindrical mortar samples and pulverized into a
fine powder passing through a 75-um mesh size (No. 200)
sieve. After the powder was ground, it was stored in an oven
set at 105 + 2°C for 24 h to remove excess water. 30—40 mg of
the powder was placed into a platinum pan and loaded into
the TGA instrument, and heated at a rate of 10°C/min under
a nitrogen purge up to 1000°C. The mass loss was recorded
during the experiment to quantify CH using the weight loss
between 350°C and 550°C, and calcium carbonate (CaCOs)
using the weight loss between 500°C to 700°C [42]. Two
replicates of TGA per mixture were considered for this study.

3.3 Low Temperature Differential Scanning
Calorimetry (LTDSC)

Low temperature Differential Scanning calorimetry (LT-DSC)
was performed to measure the amount of CaOXY formed due
to the reaction of cement paste in contact with de-icing salts
[43, 44]. A 1 cm slice was cut from the cylindrical mortar
samples and pulverized into a fine powder passing through a
75-um mesh size (No. 200) sieve. Grinding was conducted
immediately prior to testing. Pulverization exposes fresh
surfaces, which may promote limited additional hydration;
therefore, subsequent handling time was minimized.

10 + 0.5 mg of powder was mixed with an equal mass of a
solution of calcium chloride (20% CaCl, by mass) in a high
volume DSC pan. The powder to solution mass ratio resulting
from this procedure is 1 which lead to a CH to CaCl, molar
ratio lower than 3, ensuring the complete consumption of the
CH and the formation of the maximum possible amount of
CaOXY [44, 45]. The time between mixing and testing was
kept below 1 hour to limit additional hydration reactions.
However, small variations in handling time may influence the
extent of early reactions from one sample to another. The
samples were initially held at 25°C for at least 50 minutes but
less than 1 hour, allowing any initial heat release associated
with the hydration of exposed unreacted surfaces of the

cementitious materials to occur. Then, the temperature is
reduced to —90°C at a rate of 3°C/min. A low-temperature
loop is run from —90 to —70 to —90°C at a rate of 3°C/min.
Finally, the temperature is increased to 50°C at a rate of
0.25°C/min. The minimum temperature and the low
temperature loop are applied to ensure freezing of the
eutectic solution, which occurs at approximately —=54°C. The
maximum temperature is similarly chosen to ensure the
phase transition of CaOXY, which occurs between 30 and 40°C
[45] for the salt concentration used. The latent heat
associated with the melting can be measured between the
two temperature steps of the transition, and by comparing
the latent heat with that measured for pure CaOXY (186 J/g)
[44] the amount of CaOXY formed in any chosen mixture can
be quantified.

As discussed in [44, 45], this LT-DSC protocol provides an
upper-bound estimate of CaOXY formation potential due to
the imposed CH-to-CaCl, ratio and saturation conditions.
Accordingly, the results are interpreted comparatively
between mixtures rather than as absolute values of in-situ
CaOXY formation.

3.4 Isothermal Calorimetry (IC)

Isothermal calorimetry was used to assess the heat release
during the hydration of the cement pastes. The admixture
was first dispersed in the batching water, and the cement was
then loaded in the mixing bowl. The materials were mixed
using a vacuum mixer for 90 s at 400 rpm and a 70% vacuum
level. The mixing cup was scraped using a silicone spatula for
15s and vacuum mixing was carried out for an additional 90s.
After mixing, around 7 g of the cementitious paste was
transferred to a glass ampoule and sealed. The glass
ampoules were then lowered into the isothermal calorimeter,
which was pre-conditioned at 23 + 0.05°C. Data was not
collected for the first 45 minutes to allow for baseline
stabilization. Heat flow and heat release were measured, and
the data were collected for seven days. Two replicates were
tested for each mixture.

3.5 Chloride profiling

ASTM 1556-22 [46] provides a standard test method for
determining the chloride distribution in the sample after it is
exposed to chloride ions at its surface, and the chloride ions
diffuse into the sample. Specifically, 50.8 mm by 101.6 mm
samples were cast and cured for 91 days in sealed conditions
before being coated on the sides and bottom with an epoxy-
based paint. The samples were then immersed in a 16.5%
NaCl solution for 56 days. After immersion, the samples were
taken out from the solution, washed with tap water quickly,
and then dried for 1 day in a 50 + 3% RH chamber at 23°C
1°C. After exposure, fifteen 1-mm layers were ground from
the exposed surface. Chloride contents were first measured
at 5-mm intervals (0-1, 4-5, 9-10, and 14-15 mm) to
evaluate the depth of chloride penetration and identify
potential differences between mixtures. This preliminary
analysis showed no significant differences in chloride content
between the investigated mixtures at any depth. Based on
these results, additional intermediate layers were not
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analyzed, as they were not expected to provide further insight
into diffusion trends. The powders obtained were dissolved in
a nitric acid solution, and then the total chloride content of
each layer was determined by the automatic titration device
[47].

3.6 Thermodynamic modelling

Thermodynamic modeling was performed to complement
the experimental work and describe the role of admixtures on
the composition of the hardened cementitious systems. The
thermodynamic modeling was done using the GEMS3K
software [48, 49] coupled with the default PSI/Nagra and
CembData 18.01 database [50]. The model utilizes the
chemical composition of the cementitious material (e.g., PLC),
the chemical composition of SCM, SCM reactivity, and
volumetric  mixture  proportions as inputs. The
thermodynamic calculations [51-53] were coupled with
kinetic models [54-56] to predict the volumes of the reaction
products (e.g., CH content) as a function of DoH (i.e., time). In
this study, the modified Parrot-Killoh (MPK) model [54, 57]
was used to incorporate reaction kinetics by calculating the
mass fraction of each binder component (clinker phases for
the PLC and oxide phases for the SCM) that reacts at a given
age. The maximum degree of reactivity (DOR*) of the SCMs
used in the MPK model are obtained using PRT [35, 58, 59].
The approach has been validated extensively in previous
studies [54, 55, 57, 60].

In this study, simulations were performed for quantifying the
CH content as a function of DoH for (1) a control PLC mixture
without any admixtures, (2) PLC mixtures containing
Admixture A at two dosages of 32 and 64 oz/cwt (20.88 and
41.8 mL/kg), and (3) PLC mixtures with 5% silica fume. All
mixtures had a w/b of 0.42. The admixture was assumed to
be 100% SiO, with a DOR* of 58%, while silica fume was
assumed to be 100% SiO, with a DOR* of 100%.

4  Results and discussion
4.1 Thermogravimetric analysis

The CH content of the samples, determined by TGA, is shown
in Figure 3. The CH content of the reference system was 10.23
g/100 g of paste). The overall ability of a pozzolan to reduce
CH depends on both the amount of material used and its
pozzolanic reactivity. The CH values, for all the mixtures
studied, remain within £ 20% of the reference mixture. This is
expected given the relatively small amount of material
introduced (0.08-1.35% of cement mass) into the paste as
compared to more conventional SCMs. At low admixture
dosages, CH content decreases (from 10.23 g in the plain
cement system to 9.58 g and 8.90 g/100 g paste for A2 and
B2, respectively). Interestingly, the CH increases again at
higher dosages, reaching values comparable to or exceeding
the control (11.78 g and 9.48 g/100 g paste for A5 and B5,
respectively). This trend is counterintuitive, as higher dosages
would generally be expected to increase CH consumption via
the pozzolanic reaction.

The non-evaporable water content, shown on Figure 4,
provides clarification on the higher CH content observed.

Admixture A increases the non-evaporable water content
with dosage, whereas admixture B shows no effect on the
non-evaporable water content. The degree of hydration
(DoH) is directly proportional to non-evaporable water
content, and it implies that admixture A promotes higher
DoH, which in turn leads to higher CH formation and offsets
pozzolanic consumption. This increase in DoH is attributed to
the additional nucleation sites provided by the NS. Based on
the amount of silica introduced in the system, it is possible to
calculate the CH that will be consumed by the pozzolanic
reaction. Theoretically predicted CH consumptions have been
computed and are shown on Figure 3. Theoretical CH
consumption due to pozzolanic reaction was estimated from
the nano-silica admixture solid content, its measured
pozzolanic reactivity (PRT), and the reaction stoichiometry.
The calculation assumes that the entire solid content of the
admixture is silica and that the pozzolanic reaction produces
Ca-poor C-S-H with a Ca/Si ratio of 1.6.

The black solid line represents the expected CH content
assuming constant DoH, while the red dashed and blue
dotted lines account for changes in DoH induced by
admixtures A and B. Measured CH values at low dosages are
consistently below the predicted values, suggesting either
higher-than-expected pozzolanic reactivity or reduced
hydration. Given the non-evaporable water data, reduced
hydration can be excluded, supporting the hypothesis of
increased pozzolanic reactivity at lower dosages which is
possibly due to greater availability of unreacted CH. The PRT
test conditions (Section 3.1) yield a much higher colloidal
silica/CH ratio (0.11) than the mortar mixtures (0.005 for Al
to 0.08 for A5), equivalent to an admixture dosage of ~95
oz/cwt (~62 mL/kg). Thus, reactivity at lower dosages may
have been underestimated, which could explain part of the
discrepancy between measured and predicted CH values.

Admixture dosage (mL/kg)

0.00 522 1044 15.66 20.88 26.10 31.32 3654 41.76 46.98
14 T T T T T T T T

—_
¥}
1

—-
=]
1

@
1

B Reference
4 ®  Admixture A

4 Admixture B

Theoretical CH line with constant DoH

- = = ATheoretical CH line corrected with DoH
—-—--B Theoretical CH line corrected with DoH

CH content (g/100g paste)

0 T T T T T T T T

0 8 16 24 32 40 48 56 64 72

Admixture dosage (0z/cwt)

Figure 3. CH measurements for the mortar prepared with different

admixture dosages. Theoretically predicted values are shown using

dashed lines and correspond to the amount of CH consumed by the

pozzolanic reaction due to the addition of the specified amount of
NS.

Figure 5 relates the DoH to CH content. Experimental results
are compared with thermodynamic model predictions for the
control mixture and admixture dosages of 32 and 64 oz/cwt
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(20.88 and 41.8 mL/kg). For reference, a curve for PLC with
5% silica fume is also shown, highlighting the small scale of the
pozzolanic reaction observed in these systems.
Thermodynamic calculations of the mixtures with admixtures
confirm the experimental data. Thermodynamic calculations
also show that even though the admixtures provide some
reactive silica that act pozzolanically; this amount is rather
small in the studied admixture dosages (i.e., 32 oz and 64
oz/cwt) (20.9 and 41.8 mL/kg), as indicated by the small
decrease in the CH content. In comparison, thermodynamic
calculations show that 5% reactive silica fume addition results
in considerably pozzolanic reactions that reduce the CH
content of the mixtures by about 35%.

Admixture dosage (mL/kg)

0.00 522 1044 1566 2088 26.10 3132 3654 4176 4698
10 T T T T T T T T
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86 w8 8-

- B R, g S . v

g b= A re

o

= 54

2

E

g .

g *]

L; 24 ®  Reference

= ®  Admixture A
14 4 Admixture B

Y T T T T T T T T

0 8 16 24 32 40 48 56 64 72

Admixture dosage (0z/cwt)

Figure 4. Non evaporable water content measurements on the
mortar prepared with different admixture dosages.
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Figure 5. Relationship between the CH content and the degree of
hydration of the studied mixtures. Modelling results presenting the
expected value for PLC, PLC + 32 oz/cwt (20.88 mL/kg), PLC + 64
oz/cwt (41.8 mL/kg) and PLC + 5% (wt.) silica fume are also shown.

Figure 6 illustrates the CH consumed as a function of SCM
dosage. The results of the admixtures are shown along with
other SCMs like silica fume and fly ash [61, 62]. CH content for
cement blends containing ground granulated blast furnace
slags or calcined clays are also available in previous studies
[63, 64]. Figure 6a shows the relatively low SCM addition rates
of the admixtures as compared to the more conventional

SCMs. Figure 6b zooms in on the lower admixture dosages
and shows that up to an addition of 32 fl oz/cwt (20.9 mL/kg)
the CH has a generally decreasing trend, however this
increases for higher additions.
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Figure 6. Comparison between the CH consumption of the studied
admixtures and the corresponding silica fume replacement level (in
vol%).

4.2 Low Temperature Differential Scanning
Calorimetry (LT-DSC)

Figure 7 presents the measured CaOXY contents obtained
from LT-DSC as a function of admixture dosage. The trends
observed for CaOXY follow those of CH, and the same
observations made in Figure 3 apply here. As admixture
dosage increases, CaOXY values first decrease due to the
pozzolanic reaction and CH consumption (CaOXY reducing
from 32.7g in the plain cement system to 22.8 g and 23.6
g/100 g paste for A2 and B2, respectively), then rise again as
a result of the higher degree of hydration (35.0 g and 40.5
g/100 g paste for A5 and B5, respectively), as discussed in
Section 4.1. All these results are comprised within +20% and -
30% of the reference value. Westbrook et al. [65] have shown
similar results with CaOXY values close or slightly higher than
the reference system. This has been attributed to increased
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hydration due to a nucleation effect [66] and corroborates the
previous hypothesis.

The relationship between CaOXY and CH content for all tested
samples is also shown in Figure 8, along with a theoretical line
derived from reaction stoichiometry (molar ratio of 2.47,
corresponding to the molecular weight of CaOXY, 549, divided
by three times that of CH, 74).

Admixture dosage (mL/kg)
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Figure 7. CAOXY measurements for the mortar prepared with
different admixture dosages.
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Figure 8. Relationship between the CH content and the CAOXY
content for the mixtures studied. Theoretically predicted values of
CAOXY are shown using a dashed line passing through origin and
having slope of 2.47.

4.3 Isothermal Calorimetry

Figure 9 shows the cumulative heat release (J/g of binder) for
pastes prepared with different admixture dosages. The
cumulative heat release is largely unaffected by dosage,
increasing only slightly from 304.2 to 314.2 J/g of binder for
admixture A and 314.5 J/g of binder for admixture (a 3%
increase) between 0 and 64 oz/cwt (41.76 mL/ kg).

The heat flow during the first 24 hours is shown in Figure 10.
While admixture B led to a slight increase in the heat flux to
4.38 mW/g of binder from 4.22 mW/g of binder for the
reference mixture, the curves show marginal differences in

hydration rate or in the position of the tricalcium aluminate
or calcium silicate peaks.
Overall, these results indicate that both admixture A and
admixture B are responsible for a slight increase in hydration
but that neither significantly influences hydration kinetics for
the dosages considered.
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Figure 9. Total heat released per g of binder in paste with varying
dosage of admixture over (a) 7 days and (b) the first 12 hours.
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Figure 10. Early heat released per g of binder in paste with varying
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4.4 Chloride Profile

The acid-soluble chloride profiles of samples immersed into
16.5% NaCl solution for 56 days were determined. The results
show no significant difference between the control and the
mixtures prepared with admixtures A or B. Across all tested
layers, the measured chloride contents are comprised
between + 0.10% (of the sample mass) of the control values
(control standard deviation: + 0.05%).

In the surface layer (0—1 mm), chloride contents were 0.94%,
0.82%, and 0.95% for admixture A (4, 8, and 12 oz/cwt) (2.6,
5.2,7.8 mL/kg), 0.88%, 0.89%, and 0.93% for admixture B, and
0.91% for the reference. At greater depth (9-10 mm), the
corresponding values were 0.20%, 0.21%, and 0.14% for
admixture A, 0.22%, 0.26%, and 0.16% for admixture B, and
0.23% for the reference.

Based on these measurements, the projected surface
chloride concentration and the apparent chloride diffusion
coefficient were computed using non-linear regression
analysis as described in ASTM C1556 [46] and are presented
in Table 3.

The diffusion coefficients obtained are all within + 15% of the
control, confirming that neither admixture A nor B has a
significant effect on chloride ingress. The lack of significant
effect of the nano-silica admixtures on chloride ingress may
be explained by the very low dosage levels of the NS used
which limit the amount of pozzolanic reaction, though the
material is very reactive. At these dosages, the NS introduces
only small amounts of reactive silica, resulting in minimal CH
consumption and negligible refinement of the pore structure.
Consequently, the transport properties controlling chloride
diffusion remain largely unchanged. This observation is
consistent with the earlier results, where the admixtures
showed only limited pozzolanic behavior with minorinfluence
on hydration, CH content and CaOXY formation.

Table 3. Project surface chloride concentration and apparent chloride
diffusion coefficient computed using non-linear regression analysis.

Ref Al A2 A3 B1 B2 B3
Cs
0,
(% of 092 | 0.89 | 0.86 | 0.92 | 0.91 | 0.96 | 0.99
sample
mass)
-12
DA(lz'lo 3.98 | 4.44 | 3.27 | 3.67 | 451 | 3.82 | 3.45
m?/s)

5 Conclusions

This paper examines commercially available nano silica (NS)
admixtures designed to improve placing and finishing
concrete on-site. Specifically, this paper explores if the
expected benefits from NS could be achieved at the dosages
they are typically used in practice. The main objective of this
paper is to provide answers to some of these questions by
studying two NS admixtures (labeled A and B).

Some of the conclusions of the work include:

e  Admixture A has a solid content of 31.8%, and admixture
B has a solid content of 32.4%. These solid contents
correspond to silica contents in the samples of 0.08 %
and 1.35% of cement mass respectively. These are rather
low silica contents as compared to more conventional
SCMs like silica fume or fly ash.

e Pozzolanic Reactivity Testing (PRT) showed that NS had a
reactivity of 58% for Admixture A and 41% for Admixture
B. These reactivities are higher than those of a large
range of siliceous pozzolanic materials (e.g., fly ash);
therefore, NS shows that it reacts pozzolanically. These
reactivity levels are greater than many fly ashes and
slightly less than silica fumes. Isothermal Calorimetry (IC)
testing showed that the heat of hydration increased
slightly when the NS was used (by 2% for admixture A
and 3% for admixture B) as compared to the reference.

e  Thermogravimetric Analysis (TGA) showed a 7%
reduction in CH for admixture A and a 13% reduction in
CH for admixture B at their typical dosage levels.

e At dosages higher than those used in practice there was
an increase in the CH for admixture A. This was
consistent with the 23% increase in degree of hydration
that was observed based on non-evaporable water.
Admixture B, on the other hand, showed CH content
consistent with the predicted CH consumption from the
pozzolanic reaction corresponding to the amount of
reactive silica introduced in the system.

e Low Temperature Differential Scanning Calorimetry
(LTDSC) results indicated a reduction in calcium
oxychloride potential for formation (30% for admixture
A and 29% for material B) at low admixture dosages,
which are slightly greater than the reduction in CH
content. This effect is likely the result of coating the CH
with a reactive product that makes the CH in the core
less available to CAOXY formation. This reduction in
CAOXY formation, however, is less than what is needed
in many practical applications to control this reaction if
no other SCM is used.

e  Chloride ingress was measured on hardened mortars
with neither admixture A nor B having a significant effect
on the surface chloride concentration or the diffusion
coefficient.

e  Thermodynamic calculations of the mixtures with
admixtures confirm the experimentally obtained CH
contents with and without admixtures. Thermodynamic
calculations show that even though the admixtures
provide some reactive silica that act pozzolanically, this
amount is rather small in the studied admixture dosages
(i.e.,, 32 oz and 64 oz/cwt)(20.9 and 41.8 mL/kg), as
indicated by the small decrease in the CH content. In
comparison, thermodynamic calculations show that 5%
reactive silica fume addition results in considerable
pozzolanic reactions that reduce the CH content of the
mixtures by about 35%.

Overall, while the nano-silica admixtures show measurable
pozzolanic activity and minor reductions in CH and CaOXY
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formation, the effects at practical dosage levels are limited.
Consequently, these admixtures alone are unlikely to
significantly enhance durability in typical field applications,
and their use should be considered complementary to other
SCMs or durability-enhancing strategies.
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