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� Synthesis of glass fume (GF) as
alternative to silica fume (SF) from
waste glass.

� GF has a complete spherical
morphology with diameter of 30–
200 nm.

� Comparatively to SF, GF improve the
rheological properties of cement
mortars.

� In a short term, the alkali of GF
dissolves and activates the hydration
of cement.

� On a long term, the amorphous silica
of GF reacts pozzolanically with
portlandite.

� GF Mortars achieves comparable
compressive strength than that of SF
mortars.
g r a p h i c a l a b s t r a c t

FEGSEM micrograph of GF nanoparticles.
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a b s t r a c t

Using silica-based nanoparticles is one way to stimulate the hydration reactivity and improve the rheo-
logical properties of concrete, given their fineness and spherical shape. Based on its high content in amor-
phous silica ((SiO2 > 70 wt.%), waste glass is an excellent material for valorization into pozzolanic
nanoparticles or the so-called ‘‘glass fume” (GF). GF, produced using the radiofrequency induction-
coupled-plasma (RF ICP) spheroidization technology, mainly consists of spherical and amorphous
nanoparticles (dia. of 30–200 nm). Given the scarcity and high cost silica fume (SF), its use in producing
high-strength concrete is now limited. GF produced using the scalable plasma spheroidization process is
currently being tested in cement-based products as an alternative for SF.
The GF was characterized with field-emission-gun scanning electron microscopy (FEGSEM), transmis-

sion electron microscopy (TEM), Brunauer–Emmett–Teller (BET) specific surface, acoustic particle sizer
(APS), X-ray fluorescence (XRF) and thermogravimetry coupled to mass spectrometry (TGA-MS). The
hydration of GF in cement pastes and mortars was monitored in this study. The cement pastes were
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Nucleation sites
Alcali activation
Pozzolanic reaction
Cementitious matrix
Densification
characterized at early age with isothermal calorimetry and as a function of curing time with X-ray diffrac-
tion (XRD) as well as with thermogravimetric analysis (TGA) and variable pressure scanning electron
microscopy (VPSEM). Mortars were tested for compressive strength and their microstructure was
observed with VPSEM. Also, their hydration was monitored with the electrical conductivity. The results
indicate that GF offers nucleation sites for portlandite, alkalis for the activation of the cement hydration
at early age, and a pozzolanic behavior for the long-term evolution of mortar properties. In mortars, the
GF yielded compressive strengths equivalent to those obtained with SF used as a comparison. The GF
mortars required a lower superplasticizer (SP) dosage than the SF mortar because of the ball-bearing
effect induced by GF’s complete spherical morphology. In addition to spherical nanoparticles, SF contains
silica-based nanofilaments, which affect the rheology of fresh cement-based materials.

Crown Copyright � 2016 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Because of its high pozzolanic reactivity and filler effect, submi-
cron amorphous silica has been added especially to high-
performance [1] and reactive-powder [2,3] concretes over the past
30 years. Silica fume (SF) is a supplementary cementitious material
(SCM) used as cement replacement that improves mechanical per-
formance [4,5], decreases porosity, and densifies microstructure
[6–11]. Today, with the emergence of nanotechnologies, new
cement and concrete materials with improved properties can be
developed by using nanomaterials such as nanosilica [12–23]. Due
to its high specific surface and amorphous silica content, nanosilica
possesses nucleation sites for cement hydrates. It can be used as a
highly reactive SCM and it improves the compacity of cement-
based materials. The benefits of nanosilica include the promotion
of cement hydration, pozzolanic reaction, and densification of the
cement-paste microstructure [12,16,17,19–21]. Many researchers
reported that nanosilica reduces theworkability [15–17] and short-
ens the setting time of cement-based materials [17,19–21]. The
influence of nanosilica on the polymerization of hydrated calcium
silicate (C–S–H) gels has also been monitored using 29Si MAS NMR
analyses [22,23]. Dolado et al. [22] and Kontoleontos et al. [19]
observed that the addition of nanosilica increased the mean chain
length of C–S–H, and Brykov et al. [23] demonstrated a 7–10%
increase in the polymeric silicon–oxygen fraction.

Nanoparticles can bemanufactured using twomain approaches:
(i) the top-down approach, inwhich larger structures are reduced in
size to the nanoscale, and (ii) the bottom-up approach, in which
materials are engineered from atoms or molecular components
through a process of assembly or self-assembly resulting in
nanoparticles [12]. Based on its high content in amorphous silica
(SiO2 > 70 wt.%), waste glass can be transformed into amorphous
silica-basednanoparticles usinga top-downmanufacturingprocess.

Today, the cost of SF continues to climb due to limited availabil-
ity. As a result, GF is being synthesized at the laboratory-scale
using the radiofrequency induction-coupled-plasma (RF ICP)
spheroidization of waste-glass powder (GP) [24] as a potential
alternative to SF. At the laboratory-scale the RF ICP spheroidization
technology consumes between 130 and 240 kWh/kg of GP, which
is in the same order of magnitude than the thermal transferred
arc technology [25] normally used to produce industrial grade SF
[5,26]. This paper begins by providing a complete material charac-
terization of GF, followed by the results of tests and measurements
made on cement pastes and mortars.

2. Materials and methodology

GF was synthesized at the laboratory-scale using RF ICP spheroidization tech-
nology. GP with a particle-size distribution of 1–100 lm was fed into 50 kW RF
ICP torch. The high-temperature plasma flame (�8000 K) initially vaporized the
GP, reducing it to nanoclusters. Depending on the temperature gradients in the
plasma flame, the nanoclusters coalesced and coagulated, self-assembling into glass
nanodroplets. Downstream, these nanodroplets traveled through a colder tempera-
ture region where the GF was formed. The GF was collected on both the reactor and
filter walls as previously described by Harbec et al. [24].

In this investigation, SF is used as a comparison material for GF. Similarly to GF,
SF is produced with a plasma process. It is a by-product of the silicon metal manu-
facturing process, based on a plasma arc reduction of quartz. In this process, silicon
monoxide vapors (SiO(g)) escape from the plasma arc furnace and oxidize when
entering in contact with air into amorphous SiO2 particles [5,26].

2.1. Material characterization

The size and morphology of the GF and SF were observed under different types
of electron microscopy. Given their nanometric size, the GF and SF were observed
using field emission gun scanning electron microscopy (FEGSEM) and transmission
electron microscopy (TEM). The FEGSEM acceleration voltage and emission current
were, respectively, 3.0 kV and 10 lA. The TEM acceleration voltage was 80 kV. Prior
to the electron microscopy observations, 0.2 g of GF and SF was dispersed in ethanol
using an ultrasonic probe. For the FEGSEM observations, a drop of the resulting sus-
pension was deposited on a silicon wafer and metallized with platinum (Pt) to
ensure the sample’s surface conductivity. For the TEM observations, a drop of the
suspension was deposited on a copper grid coated with a carbon film.

Specific surface area (SSA), nanocontent, chemical composition, and crys-
tallinity of the GF were also compared to those of SF. The SSA was measured with
the Brunauer, Emmett, and Teller (BET) method. The measurements were per-
formed on 5 adsorption isotherms using nitrogen (N2).

The particle-size distribution (PSD) of the GF was measured in distilled water
with an acoustic particle sizer (APS) coupled with zeta potential to measure the sta-
bility of the suspension. The dispersion quality of any type of nanomaterial
(nanoparticles, nanofibers) in a cementitious matrix remains an important issue
for mortar and concrete performance [12,14,27]. To investigate the dispersion of
the nanoparticles, PSD measurements were performed on GF slurries mixed with
a spatula and on an ultrasonic-dispersed GF slurry. The nanocontent of the GF
and SF were determined via settling of the microparticles in ethanol dispersion,
as described in [24]. Chemical composition and crystallinity were determined,
respectively, with X-ray fluorescence (XRF) and X-ray diffraction (XRD) techniques
in the 10–70� 2h range. Loss on ignition (LOI) was measured with thermogravimetry
analysis coupled to mass spectrometry (TGA-MS).

2.2. Tests on cement pastes

Tests were performed on cement pastes to investigate the influence of the GF on
pozzolanic reactivity and heat of hydration when in contact with calcium hydroxide
and cement. First, the pozzolanic reaction was characterized when the GF was
mixed solely with portlandite (Ca(OH)2: CH). Second, the pozzolanic reaction and
heat of hydration were characterized in cement pastes, in which the GF served as
partial replacement of general-use portland cement (GU cement).

First, the GF and silica fume (SF) were mixed separately with an analytical grade
crystalline CH to investigate and compare their pozzolanic reactivity. A fixed
amount of 5 g of dry powder (GF + CH and SF + CH) was blended in different propor-
tions in sealed polymer bottles. Dry-powder mixes of GF + CH and SF + CH (Table 1)
were analyzed with XRD prior to the addition of water in order to calibrate the CH
XRD peak intensity (2h = 34.09�) versus the initial CH content in the mix. These
analyses are used to build a calibration curve for GF + CH and SF + CH mixes. The
14 test specimens were then mixed with deionized water at a water-to-binder ratio
(W/B) of 1 (Table 1) in a glove box under argon atmosphere at 25 �C. After 1, 7, and
28 days of hydration, the pastes were immersed in isopropanol for 24 h to stop the
hydration. The pastes were then removed from the isopropanol and placed in a
fume hood for drying. After drying, the samples were ground with an agate mortar
and tested with XRD for free unreacted CH content quantified with the calibration
curve as described by Alhozaimy et al. [28]. This method is suitable for the type of
mixtures analyzed (GF + CH and SF + CH) since it assumes that CH remains crys-



Table 2
Mixes based on 150 g of binder (GU cement + GF) and W/B = 0.4 to measure reactivity
using TGA-DTA.

Mix label T (for TGA) GF (g) GF (%)

T0 0 0
T5GF 7.5 5
T10GF 15 10

Table 3
Mixes based on 3 g of binder and a W/B = 0.4 to measure the heat of hydration using
isothermal calorimetry.

Mix label C (for calorimetry) GF (g) GF (%) SF (g) SF (%)

C0 0 0 0 0
C1GF 0.03 1 0 0
C5GF 0.15 5 0 0
C10GF 0.3 10 0 0
C10SF 0 0 0.3 10
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talline during hydration. The microstructures of the pastes were also observed with
a variable-pressure scanning electron microscope (VPSEM) coupled with energy-
dispersive spectroscopy (EDS).

The hydration and pozzolanic reactions were also evaluated by mixing GF with
GU cement. Table 2 presents three cement-paste batches with aW/B of 0.4. For each
batch, 150 g of binder (GU cement + GF) was mixed with 60 g of water for 2 min
with an electric hand mixer. The GF was introduced into the paste batches as 0%
(T0), 5% (T5GF), and 10% (T10GF) replacements of GU cement for long-term reactivity
tests.

The batches were cast in sealed 15 mL plastic tubes for hardening. Reactivity
tests were performed using thermogravimetry (TGA) and differential temperature
analyses (DTA) combined to the derivative thermogravimetric curve (DTG) after
1, 3, 7, 14, 28, and 56 days of hydration to quantify the combined water and CH.
TGA is rather recommended for this part of the study, because the CH generated
from the portland cement hydration can be of different crystalline and amorphous
structures [28]. At the end of each hydration time period, the hardened cement
pastes were crushed and immersed in isopropanol for 24 h in order to stop the
hydration. The samples were then placed in a fume hood for drying. After drying,
the samples were ground with an agate mortar and tested for combined water
and portlandite content.

Isothermal calorimetry was used to monitor the heat of hydration of the cement
pastes incorporating 1% (C1GF), 5% (C5GF) and 10% (C10GF) GF during the first 24 h of
hydration (Table 3). The heats of hydration of these cement pastes containing GF
were compared to those of a control cement paste (C0) and a paste containing
10% SF (C10SF) as a cement replacement. The cement pastes were mixed separately
with GU cement at W/B = 0.4.

Isothermal calorimetry tests were conducted according to ASTM C1702 method
B. The cement pastes containing 3.0 g of binder (Table 3) were tightly sealed inside
a 20 mL high-density polyethylene (HDPE) ampoule immediately after mixing for
2 min and then placed inside an isothermal calorimeter. Ten minutes were required
to equilibrate the calorimeter at the measurement temperature of 23 �C. The sam-
ples were placed inside the calorimeter about 2 min after the initial contact of the
solids and water. Ten additional minutes were required to equilibrate the calorime-
ter. Thus, the very exothermic, early rapid dissolution of the cement phases was not
completely acquired. The total heat of hydration was then computed from the 12th
minute of hydration for 24 h.
2.3. Tests on mortars

The mortar batches were blended according to ASTM C305 using GU cement
and Ottawa sand, a reference quartz sand used in North America [ASTM C778]. Mor-
tar cubes measuring 50 mm � 50 mm � 50 mm were cast and tested for compres-
sive strength according to ASTM C109/C109M.

Table 4 presents the mix designs for the mortars. The mixes were made with
740 g of binder and a sand-to-binder ratio of 2.75. The mortars were blended at a
W/B = 0.484 (indexed A) and at a W/B = 0.40 (indexed B). The GF was incorporated
in the mortar batch as 1% (M1GFA,B) 5% (M5GFA,B), and 10% (M10GFA,B) cement
replacements. Prior to adding the GU cement in the mixer, the GF was dispersed
with an ultrasonic probe for 30 min, resulting in a stable milky-white slurry. The
GU cement and sand were then successively added to the GF slurry. At a W/
B = 0.484, the various mortar batches had their flows adjusted with a
polynaphthalene-sulfonate (PNS) superplasticizer (SP) to achieve 120–170% flow.
For W/B = 0.40, the mortar batch flow was adjusted with a polycarboxylate (PCA)
SP to achieve 130–200% flow. The mortar flow was measured according to ASTM
C1437. Such a high percentage of flow was selected to ensure a good workability
of GF and SF fresh mortars Table 4 indicates that the SP dosage generally increases
with the GF and SF dosages. Although Garcia-Taengua et al. [17] evidenced that the
compressive strength increase with SP dosage, mortars incorporating the same con-
tent in GF and SF were dosed with a comparable quantity of SP.
Table 1
Mix based on 5 g of powder to determine pozzolanic reactivity with XRD; W/B = 1.

Mix label X (for XRD) CH (g) CH (%) SF (%) GF (%)

X0SF 0 0 100 0
X0GF 0 0 0 100
X5SF 0.25 5 95 N/A
X5GF 0.25 5 N/A 95
X9SF 0.50 9 91 N/A
X9GF 0.50 9 N/A 91
X13SF 0.75 13 87 N/A
X13GF 0.75 13 N/A 87
X17SF 1.00 17 83 N/A
X17GF 1.00 17 N/A 83
X20SF 1.25 20 80 N/A
X20GF 1.25 20 N/A 80
X23SF 1.50 23 77 N/A
X23GF 1.50 23 N/A 77
For W/B = 0.484, the compressive strengths of hardened mortar cubes contain-
ing GF were compared to those of the control mortars (M0A) and mortar containing
10% of SF (M10SFA) as cement replacement. This replacement rate was set according
to the accelerated pozzolanic-strength-activity index-test protocol described in
ASTM C1240 for the use of silica fume. For W/B = 0.40, the compressive strength
of the GF mortar cubes are compared to those of a control (M0B) mortar and mortars
containing 1% (M1SFB) and 5% (M5SFB) SF. The hydration kinetics of these mortars,
except M1SFB, were monitored via electrical conductivity measurements of the pore
solution as described by Bonneau et al. [29].
3. Material characterization

3.1. Electron-microscopy characterization

As can be seen in the FEGSEM and TEM micrographs in Figs. 1
and 2, the GF particles had a spherical morphology with a bimodal
size range comprising 97–98 wt.% of nanoparticles (dia. of 30–
200 nm) and 2–3 wt.% in microparticles (dia. of 1–10 lm). As
shown in Fig. 2, the fineness of the GF particles resulted in a certain
degree of agglomeration.

Fig. 3 provides TEM micrographs of the SF, which had a particle
size similar to that of the GF, although it did contain some silica-
based nanofilaments 15–30 nm in diameter and 200 nm–1 lm in
length. This SF is of industrial grade. These filaments may result
from the presence of SF particles in a temperature window with
sufficient residence time to be plasma-activated for their elonga-
tion [30].
Table 4
Mix design of the mortar based on 740 g of binder and S/B = 2.75 (2035 g of Ottawa
sand).

Mix label
M (for
mortar)

GU
Cement
(g)

Water
(g)

SP (%
dry
extract)

GF
(g)

GF
(%)

SF
(g)

SF
(%)

% Flow
(ASTM
C1437)

M0A 740 355.4 0.27* 150
M1GFA 732.6 355.7 0.24* 7.4 1 170
M5GFA 703 355.9 0.22* 37 5 150
M10GFA 666 353.3 0.66* 74 10 170
M10SFA 666 350.9 0.71* 74 10 120
M0B 740 290.6 0.33# 171
M1GFB 732.6 288.7 0.39# 7.4 1 140
M5GFB 703 288.5 0.46# 37 5 140
M10GFB 666 287.7 0.92# 74 10 130
M1SFB 732.6 288.4 0.46# 7.4 1 200
M5SFB 703 288.1 0.48# 37 5 140

* SP is PNS based.
# SP is PCA based.



Fig. 1. (a) FEGSEM micrograph of GF nanoparticles. (b) FEGSEM micrograph of GF microparticles.
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3.2. SSA and PSD

Table 5 presents the SSA, the particle-size range (PSR), and the
nanometric wt.% content of the GF and SF. These were measured,
respectively, with BET, electron microscopy (FEGSEM and TEM),
and the settling of the microparticles in ethanol. The GF had a
lower SSA than the SF, but a similar nanometric PSR and wt.% con-
tent. The higher SSA of the SF is related to its different nanofeatures
(Fig. 3). The SF incorporates silica-based nanofilaments that
increase SSA. However, the SSA and the nanometric content of GF
are clearly improved with respect to the results obtained previ-
ously [24]. Optimization work has been conducted on the plasma
spheroidization process, especially on the process of feeding GP
into the RF ICP torch. GP is now preliminarily heated to 80 �C
and sieved with 600 lm mesh to remove residual humidity and
agglomerations. GP can now be fed at 6.75 g/min with an apprecia-
ble fluidity for an efficient vaporization in the plasma torch. This
feed rate is, moreover, higher than those tested previously [24].

Fig. 4 provides the resulting PSD curves of the nanometric frac-
tion for each slurry: undispersed (GF) and ultrasonically dispersed
(sonicated GF). This figure shows a shift towards a finer PSD when
the GF was dispersed. The undispersed slurry evidenced a large
lumps distribution hump lying between 0.01 lm and 0.60 lmwith
Fig. 2. TEM micrograph of GF nanopart
a zeta-potential of 5.74 mV. After sonication, the PSD curve became
trimodal with a significant dispersion of the nanoparticles and an
increase of the absolute value of zeta potential (�12.7 mV). The ini-
tial hump breaks down into three granulometry families: the first
lying between 0.01 lm and 0.25 lm, the second between 0.25 lm
and 0.38 lm, and the third between 0.38 lm and 0.52 lm. From
the zeta-potential measurements, the sonication increases the sta-
bility of the GF dispersion [27]. The negative value is attributed of
the alkali content of GF (see Section 3.3). The discrepancy between
the PSR (Table 5) and PSD (Fig. 4) resulted from residual agglomer-
ation of the GF and SF when the APS measurements were taken.

3.3. Chemical composition

Table 6 presents the chemical compositions of the main oxides
in the GF and SF. Compared to the SF, the GF had a lower silica
(SiO2) content and significant contents of lime (CaO) and alkalis
(Na2O + K2O).

The loss on ignition (LOI) was determined for the GF and SF with
TGA-MS. The GF and SF have a LOI of 3.7% and 1.8% respectively.
Fig. 5 exhibits the TGA-MS plots of GF. The black curve is associated
to with the weight loss as a function of temperature, well known as
the TG curve. It uses the left-hand side vertical axis. The grey curve
icles using 40,000� magnification.



Fig. 3. TEM micrograph of SF nanoparticles using (a) 40,000� and (b) 100,000� magnifications.

Table 5
SSA, PSR, and nanocontent of GF and SF.

PSR

SSA (m2/kg) Nano (nm) Micro (lm) Nano wt.%*

GF 16,500 30–200 1–10 97%–98%
SF 21,600 30–200 0.5–0.6 97%

* The balance is the microparticle content.

Fig. 4. Particle-size distribution of the nanometric fraction of the GF and GF
dispersed by sonication.

Table 6
Chemical oxide composition of the GF and SF measured with XRF.

Metal oxide GF SF

SiO2 70.65 96.51
Na2O 11.72 0.07
CaO 10.59 0.65
Al2O3 1.58 0.20
MgO 0.68 0.25
K2O 0.52 0.42
Fe2O3 0.26 0.06
TiO2 0.05 0.00
Mn3O4 0.02 0.01
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is the MS measurement of mass 18 (H2O) of the TGA exhausted gas
and uses the right-hand vertical axis. The plot clearly shows the
weight loss is mainly associated to a dehydration process. The
MS signal increases with the weight-loss. The first mass occurring
between 35 �C and 130 �C, corresponds to the removal of physi-
cally absorbed water. Further mass loss that started from the end
of first mass loss till about 390 �C might be attributed to the
removal of chemically absorbed water. The third mass drop from
390 �C till around 615 �C might be related to the dehydration of
silanol group [31].
3.4. Crystallinity

In addition to high fineness and silica content, SCMs must gen-
erally have an amorphous microstructure in order to yield high
reactivity in a cementitious matrix. As well known in the case SF
(Fig. 6b), GF keeps its amorphous microstructure from waste glass
(Fig. 6a). The XRD diffractograms in Fig. 6 show a hump between
2h = 15� and 2h = 40� centered on the location of the main peak
of cristobalite (one form of crystallized SiO2 stable at high temper-
ature) and no distinguishable crystalline line from the background
noise from 2h = 40� to 2h = 70�.
4. Tests on the cement pastes

4.1. Semiquantitative XRD method

Fig. 7 presents a typical result for the full XRD diffractogram of
the X13GF mix. The XRD patterns of the X13GF pastes tested after 1,
7, and 28 days of hydration have been overlaid on this figure. The
dry-powder mixes were also tested for calibration purposes. While
the Calibration XRD diffractogram (before hydration) shows peaks
solely for CH and the halo due to the amorphous GF, the patterns
for 1, 7, and 28 days of hydration also reveal peaks for calcite
(CaCO3) and semicrystalline C–S–H. From these four diffrac-
tograms, the most intense CH peak at 2h = 34.09� was selected to
calculate the CH peak intensity and CH consumption by the SCMs.
Fig. 7 indicates that the CH peak intensity decreased as function of
hydration age, confirming the reactivity of the GF with CH. The
same procedure was applied to the other 43 XRD diffractograms
obtained with the other mixes.

Fig. 8 presents a graph of the major CH peak (at 2h = 34.09�)
intensity versus the initial CH concentration for the different
hydration durations for GF + CH and SF + CH mixes. The calibration
curves for both the GF + CH and SF + CH mixes indicate that the
intensity of the CH peak is proportional to the initial CH concentra-
tion. Using the linear fit of these two curves, the residual CH con-



Fig. 5. TGA-MS analysis of GF. TG curve (black) is associated to the left-hand side vertical axis, the MS H2O signal curve (grey), to the right-hand side vertical axis.

Fig. 6. XRD diffractogram of the (a) GF and (b) SF.
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tent in each mixture can be computed as a function of the hydra-
tion time and initial CH content:

SF : CHSF ¼ Ii
73:08

GF : CHGF ¼ Ii
65:08

where CHSF and CHGF are the residual CH contents in the SF + CH
and GF + CH mixes, and Ii, the intensity of the CH peak at a given i
hydration time in days. For each curve, the residual CH in wt.% is
indicated by the vertical axis on the right-hand side of Fig. 8.

After 1 day of hydration, the CH peak intensities for the GF + CH
mixes were smaller than that of the SF + CH mixes, revealing a
higher CH consumption by the GF at early age. CH consumption
had completed for the X5GF and X5SF mixes. The X23GF mix had a
CH content of �6.2 wt.%, while the X23SF mix had a CH content
of �10.2 wt.%. At 7 days, the GF’s consumption of CH appears to
have slowed down compared to the values at 28 days, while CH
consumption had been completed in all the SF mixes. The CH
was also completely consumed in the SF + CH mixes at 28 days.
The curve for SF + CH 28 days curve was thus omitted to alleviate
Fig. 8. The GF had completed CH in the mixes with an initial CH
content of <15 wt.%. The mixes with higher initial CH contents—
X17GF, X20GF, and X23GF—indicated residual CH contents of �0.5,
1.1, and 1.8 wt.%, respectively.
This limitation of GF in fixing CH seems to be related to its
chemical composition. This can be verified by computing a chem-
ical balance using the chemical content in SiO2 and CaO for SF and
GF in Table 6. For the case with higher initial content in CH, mix
X23SF fixed 0.24 mol of Ca per mol of Si (Ca/Si = 0.24).

By taking into account the initial content in CaO for GF and the
residual CH content at 28 days, mixes X13GF, X17GF, X20GF, and
X23GF have a Ca/Si molar ratio of 0.33, 0.42, 0.43 and 0.47 respec-
tively. From these results, SF and GF look unsaturated in calcium
for Ca/Si below than at least 0.33 and can continue to fix CH. At
a value between 0.42 and 0.47, GF starts to be saturated in calcium.
Although the Ca/Si slightly increases with the initial CH content,
the GF ability in fixing CH is slowed down.

Fig. 9 shows VPSEM micrographs at different magnifications
(1000� and 2500�) of the X13GF mixes after 28 days. The micro-
graphs reveal the presence of GF particles and C–S–H gel, located
around the GF microparticles where it formed. This also confirms
the complete consumption of CH. The micrographs do not show
any CH crystals.

4.2. Thermal analyses

The hardened cement-paste samples listed in Table 2 were
tested with TGA/DTA for combined water and portlandite content.
As an example, Fig. 10 presents the TGA/DTA/DTG plots of the
T10GF paste after 56 days of curing. The plot shows three curves
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Fig. 7. XRD diffractogram for the X13GF mix as function of hydration age.

Fig. 8. CH peak intensity at 2h = 34.09� (left y-axis) and residual CH content (right y-axis) as function of initial CH concentration and hydration age.
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as a function of temperature. The black curve is the TG curve. It
uses the left-hand-side vertical axis. The grey curve represents
the DTA curve and uses the first right-hand-side vertical axis.
The dashed black curve plots the DTG and uses the second right-
hand-side vertical axis. Weight losses from 50 �C to 150 �C,
150 �C to 400 �C, 400 �C to 450 �C, and 450 �C to 1000 �C are asso-
ciated with the free water content, combined water content, CH
dehydration, and carbonated content, respectively. From the DTG
curve, the TGA micro-balance experienced some instability in the
850–950 �C range. Fig. 11 presents the evolution of the CH content
as a function of curing time.

The CH content is calculated with the following equation:

CH contentðwt:%Þ ¼ w� MWCH

MWH2O

where w is the weight loss between 400 �C and 450 �C, MWCH and
MWH2O, the molecular weights of CH and H2O.
At early age (<7 days), the pastes containing the GF revealed a
rapid increase in CH contents (Fig. 11). The pastes containing the
GF point to a drastic reduction in CH content after 7 days
(Fig. 11). This reduction in CH can be attributed to the pozzolanic
reaction being triggered. From day 15 to day 56, the CH content
gradually increased as the cement hydrated. At 56 days, T5GF and
T10GF indicated similar CH contents, while T0 had a 70% higher
CH content.
4.3. Isothermal calorimetry

Fig. 12 shows the evolution of the heat of hydration for the first
24 h for C0, C10SF, and C10GF at W/B = 0.4. In these tests, the initial
peak is attributed to the cement dissolution peak (t < 1 h). We did
not take this peak into account in analyzing the results because the
pastes were mixed outside the calorimetry cells. The second peak
(5–6 h) is associated with the hydration of C3S. The shoulders evi-
dent after 7 h are attributed to the hydration of C3A and the forma-
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Fig. 9. Microstructure of X13GF after 28 days of hydration (a) at low magnification (1000�) and (b) at high magnification (2500�).
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Fig. 11. Evolution of the CH content of the cement pastes as a function of curing
time.
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tion of ettringite (AFt) and calcium monosulfoaluminate crystals
(AFm) [26].

Fig. 13 shows the evolution of the heat of hydration for the first
24 h for C1GF and C5GF, and resembles the curves for the C0 and the
C10GF pastes at W/B = 0.4.
In Fig. 12, the addition of the GF and SF accelerated the hydra-
tion of C3S, giving the most exothermic curves at early age. The
C10GF and C10SF pastes achieved a maximum heat of �4 mW/g at
6.3 h and 6.7 h, respectively, whereas the C0 paste had a maximum
heat of 3.7 mW/g at 7.4 h. From 10 to 12 h until the end of the test,
the C10GF paste was the least exothermic.

Fig. 13 shows that the C1GF curve is comparable to that of the C0
control curve, with C5GF having a slight increase in evolved heat at
both the second and third peaks. Its shoulder, also remarked in
Fig. 12 is especially 18% higher in evolved heat, occurring 2 h
before in C1GF and C0. The C10GF is clearly the most exothermic
and its second peaks appeared �1.5 h earlier than in either C1GF
or C0. Its evolved heat per g of binder at the second and third peaks
is approximately 10% higher than that of C1GF and C0. As noted by
Gaitero et al. [14] and Thomas et al. [32], an increase of evolved
heat and acceleration of C3S hydration have also been noted with
higher nanoparticle contents.

Fig. 14 presents the total heat of hydration after 24 h for all the
pastes tested. The results indicate that increasing the GF content
increased the total heat of hydration. When the cement-



Fig. 12. Heat of hydration over time for C0, C10SF, and C10GF at W/B = 0.4.

Fig. 13. Heat of hydration for C0, C10SF, and C10GF at W/B = 0.4.

Fig. 14. Total heat of hydration of the tested cement paste for the first 24 h.
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replacement level was lower than 5%, the total heat of hydration
was lower than that of C0. With a 5% cement replacement, the total
heat of hydration is similar to that of C0. With a 10% cement
replacement, the total heat of hydration was 2% higher than that
of C0 and 3% lower than that of C10SF.
5. Tests on mortars

5.1. W/B = 0.484

As shown in Table 4 at W/B = 0.484, the use of the SF and GF
increased the SP demand with respect to the control mortar M0A.
The M10SFA mortar was dosed with 1.6 times more SP than M0A
to achieve a slump 30% lower (%flow). The M10GFA was dosed with
1.4 times more SP to achieve a slump 20% lower than M0A.

Fig. 15 presents compressive strength of mortar cubes at 7, 28,
91 and 180 days. On the whole time range, Mortars M1GFA and
M5GFA evidenced compressive strengths similar to M0A over the
entire time range, while M10GFA and M10SFA exhibited higher
compressive strengths at early (7 days) and later ages (P28 days).
The average compressive strengths of M10GFA were respectively
13%, 52%, 46%, and 48% higher at 7, 28, 91 and 180 days than those
of M0A. In the case of M10SFA, the average compressive strengths
were respectively 42%, 50%, 69%, and 49% higher than those of
M0A at 7, 28, 91, and 180 days, respectively. It should be noted that
the compressive strength of M10SFA reached a plateau after
91 days. At 7 days, the higher compressive strength for M10GFA
correlates with the high CH content calculated in Section 4.2 and
the high heat of hydration determined in Section 4.3. At 28 days,
the compressive strength of M10GFA was comparable to that of
M10SFA, while lower at 91 days and gradually reaching similar
compressive strength after 180 days.

5.2. W/B = 0.4

Due to a better densification of the cementitious matrix at
lower W/B, the compressive strengths are overall higher in
Fig. 16 and were followed from 7 to 91 days. Even with a small per-
centage of GF (up to 5%), the compressive strength increased com-
pared to M0B. At early age, GF is again active. After 7 days, the
compressive strengths of M1GFB and M5GFB were similar to that
of M5SFB. At 28 days, the compressive strengths of M1GFB and
M5GFB were, respectively, 14% and 8% lower than that of M5SFB.
At 91 days, M1GFB and M5GFB achieved compressive strengths
comparable to that of M5SFB. At this age, the compressive
strengths of M1GFB and M5GFB were, respectively, 14% and 19%
higher than that of M0B. A GF cement replacement of 10%
(M10GFB) decreased the compressive strength of mortars in com-
parison to M5GFB.

5.3. Electrical conductivity (rE) of the pore solution

Fig. 17 presents the electrical-conductivity (rE) measurements
for the pore solution in M0B, M5SFB, M1GFB, and M5GFB during
the first 24 h after the initial contact between the water and bin-
der. The figure shows four distinct hydration phases. The first cor-
responds to an increase of rE during the first 4–6 h. This phase
ends at the circles in Fig. 17. This phase is related to the dissolution
of the various species in the pore solution, and the first peak and
the induction period in Figs. 12 and 13. The second phase occurs
in the circle labels, where the rE values kink. This corresponds to
the precipitation of the first crystals of CH once the pore solution
had reached an oversaturation level in Ca2+ ions. This kink in rE

has been associated with the end of the induction period and the
beginning of the mortar setting. The third phase starts past the cir-
cle labels and ends at the inflection point located in the square
label. In this third phase, rE drops rapidly and quasi-linearly. This
phase corresponds to the structuration of the hydrated cement
paste in the mortar. This phase has also been associated with the
second peak in Figs. 12 and 13. At the inflection point, rE reaches
a minimum; the first compressive-strength testing of the mortar
can be performed [26]. In the fourth phase, a small rE hump
(except in M0) is framed by the inserted square. This hump relates
to the decomposition of AFt, the formation of Afm, and the release



Fig. 15. Compressive strength of the mortars at W/B = 0.484.

Fig. 16. Compressive strength of mortars at W/B = 0.40.
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of alkalis trapped in the C3A network [26]. It has been associated
with the third peak in Figs. 12 and 13.

During the first phase, the rE in M0B increased more rapidly and
ended sooner (after�3.6 h). M5SFB showed the weakest increase in
rE. Indeed, rE and first-phase duration both increased when the GF
content in the mortar increased. The rE of M5GFB even reached a
value approaching that of M0B at the end of the first phase (after
�5.5 h). The kink in the second phase occurs at 3.6, 4.6, 4.4, and
5.5 h in M0, M5SFB, M1GFB, and M5GFB, respectively. The third
phase lasted between 8.2 and 8.8 h for all the mortars. The humps
in the fourth phase appear at 19.0, 19.6, and 18.2 h for M5SFB,
M1GFB, and M5GFB, respectively. M0 did not have such hump.

5.4. Mortar microstructure

Fig. 18 presents lowmagnification VP-SEMmicrographs of mor-
tars at W/B = 0.484 after 180 days of curing. The use of fine amor-
phous silica particles (SF and GF) in Figs. 18b and c, densified both
the cement paste and the interfacial transition zone (ITZ) at the
interface between the paste and sand particles. Overall, the ITZ
was thinner and the cement paste appeared denser in M10SFA
and M10GFB than in M0A. In the case of M0A (Fig. 18a), the cement
paste contained many small pores and a thicker ITZ with CH
crystals.

Fig. 19 shows high magnification VP-SEM micrographs of the
same site of interest exhibited in Fig. 18. In Fig. 19a, the M0A pre-
sents a poorer densification of the cement paste and of the ITZ than
observed in M10SFA (Fig. 19b) and M10GFA (Fig. 19c). The cement
paste contains many pores of 5–20 lm and ITZ of 3–10 lm thick.
In Fig. 19b and c, the paste is well densified and the ITZ is thinner.
Moreover, the ITZ look partially filled with SF and GF in these cases.
The size of the ITZ for M10SFA and M10GFA is between 3 lm and
5 lm and between 1 lm and 7 lm respectively.

Fig. 20a shows a few micrometric GF particles hydrating within
the cement paste. Observations did not evidence GF flocculation in
the mortar. One of these particles has been enlarged to a magnifi-
cation of 3.5 k times in Fig. 20b. The GF particles hydrated at a
slower rate than the nanometric GF and SF, since they are distin-
guishable in the paste. In Fig. 20b, a rim of gel can be seen around
the GF particle.

Fig. 21 presents the EDS spectra measured on points 1 (center of
GF particle), 2 (gel rim), and 3 (cement paste) in Fig. 20b. From
points 1 to 3, the sodium peak decreased and the calcium peak
increased with respect to the silicon peak. The EDS spectrum at



Fig. 17. rE as a function of hydration time.
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Fig. 18. VPSEM micrographs at low magnification for (a) M0A, (b) M10FSA and (c) M10GFA after 180 days of curing.
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point 2 indicates that the gel rim had a slightly richer calcium con-
tent and a slightly poorer sodium content than measured on point
1. The calcium oxide over silica ratios (C/S) are 0.22, 0.48 and 2.16
on points 1, 2, 3 respectively. The gel rim on point 2 consisted of
pozzolanic C–S–H, while that on point 3, hydraulic C–S–H with CH.

Fig. 22 shows the EDS line scan plots for silicon (Fig. 21a) and
calcium (Fig. 21b) scanned on the line formed from point 1 to 3
(EDS scan line), as indicated in Fig 20b. These line scan plots repre-
sent the EDS peak intensity as a function of the location on the EDS
scan line. This line is 13 lm long. Point 1 is located at 0 lm and
point 3 at 13 lm. The gradual increase in intensity of the silicon
and the gradual decrease in calcium can be seen as the line scan
enters in the GF particle (point 1).

6. Discussion

Sections 3–5 presented the characterization of the GF in pastes
and mortars. In the cement pastes, the GF was mixed with CH (GF
+ CH mixes) as a cement replacement to study the pozzolanic reac-
tion with TGA/DTA and isothermal calorimetry tests to study both
the hydration and pozzolanic reactions. In these mortars, the com-
pressive strength and rE were measured as a function of the GF



Fig. 19. VPSEM micrographs at high magnification for (a) M0A, (b) M10FSA, and (c) M10GFA after 180 days of curing.
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Fig. 20. VPSEM micrographs of M10GFA at low (a) and high magnification (b) after 180 days of curing with a focus on GF particles.
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Fig. 21. EDS spectra measured at points 1, 2, and 3 in Fig. 20b.
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Fig. 22. EDS line scan between points 1 and 3 in Fig. 20b: (a) silicon and (b) calcium.
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content as a cement replacement. VPSEM was used to observe
mortar microstructure. In both the paste and mortar tests, the GF
evidenced similar active behavior with short (<7 days) and long
(>15 days) curing times. Indeed, on the short term, GF activates
cement hydration, and, on the long term, it triggers a pozzolanic
reaction.
6.1. Short-term phenomena

The non-negligible high alkali content in GF—more or less
12 wt.% (Table 6)—must be taken into account. Moreover, GF
releases a high amount of its alkali content into the pore solution.
Once in solution, GF can release up to 40% of its alkali content [33].
The increase of rE (Fig. 17) has thus been related to a higher con-
centration of alkalis in the pore solution provided by the GF. The
M5GFB mortar took almost 2 more hours to reach M0’s rE value,
meaning that alkalis were released at slower rate than the dissolu-
tion of the cement-ion species in the pore solution.

Alkalis in the pore solution are known to activate cement
hydration and the dissolution of aluminate phases [34]. Based on
our isothermal-calorimetry measurements, the increased GF con-
tent in cement pastes hastened the appearance of the third peak
in comparison to C0 and C10SF (Figs. 12 and 13), in which the SF
had a negligible alkali content (Table 6). This observation is often
made in the literature when amorphous nanosilica-based fume
and nanoparticles are used in cementitious materials [34] and cor-
relates with the rE measurements. As for the rE measurements, the
hump in phase 4 (Fig. 17) also appeared earlier when the GF con-
tent increased and in comparison to M5SFB. An increase in alkali
normally leads to an increase in OH� ions to balance the pore solu-
tion. The production of OH� ions is often associated with an early
precipitation of AFt, which is then converted into Afm [34]. Such
precipitation removes sulfates from the pore solution. Because of
its large SSA (Table 5), GF can also absorb sulfate ions [35]. There-
fore, due to the lack of sulfates in the pore solution, C3A is directly
converted into Afm earlier, as shown by isothermal calorimetry
(Figs. 12 and 13) and rE measurements (Fig. 17).

The large SSA of GF (Table 5) also contributes in activating the
hydration reaction. Once the alkalis have been dissolved, GF offers
nucleation sites for CH. When cement is put in contact with water,
dissolved Ca2+ ions preferentially nucleate on the amorphous silica
nanoparticles before precipitating in the pore solution. This favors
the dissolution of anhydrous species from the cement
[12,14,26,32], allowing cement hydration to proceed. Cement-
based materials, however, need a certain threshold content of GF,
depending on the W/B, in order to achieve the nucleation effect.
For instance, a dosage of 1% and 5% in the GF in the cement pastes
did not lead to a clear improvement in the heat of hydration, while
a dosage of 10% did (Figs. 13 and 14). In the case of C1GF and C5GF,
the low dosage in GF does not provide enough alkalis and nucle-
ation sites for the cement hydration and its dissolution effect is
dominant. In the case of C10GF, the C3S peak occurred more rapidly
with a greater exothermic value (Figs. 12 and 13). With M5GFB, the
delay of the kink in the rE curve in phase 1 was more pronounced
than for M0 and M1GFB, as well as M5SFB (Fig. 17). This can be
explained by a higher amount of CH formed when cement hydra-
tion progressed, as evidenced by the TGA/DTA tests (Fig. 11). As
seen previously [22,36–37], the mechanical strength of cement-
based materials increased rapidly on the short term (Figs. 15 and
16).
6.2. Long-term phenomena

While the short term activity of GF is attributed to its alkali acti-
vation of the cement hydration and its available nucleation sites
for CH, thermal analyses and tests on mortars suggested that the,
the pozzolanic reaction is triggered during the 14–28 days time
frame. A drastic reduction in CH can be observed in the GF cement
pastes in comparison to the T0 control (Fig. 11). Although T5GF and
T10GF indicate similar CH contents, a higher dissolution of cement
by the GF activated the pozzolanic reaction and the cement hydra-
tion reaction could proceed.

The semiquantitative XRD results (Fig. 8) and compressive
strengths of the mortars (Fig. 15 and 16) show that the GF had
slower reactivity than the SF, but helped achieve compressive
strengths comparable to those obtained in the SF mortars at the
last tested ages. The GF has a lower SSA (Table 5) and contains
17–18% less silica (Table 6) than the SF. This weight by percentage
is partially compensated by alkalis. Having less amorphous silica
available reduces the kinetics of the pozzolanic reaction. The com-
pressive strengths of the mortars also improved after a threshold
content of GF had been reached. Based on the calorimetry mea-
surements (Fig. 13), C1GF and C5GF did not clearly improve the heat
of hydration in comparison to C0. Similarly, dosages of 1% and 5%
GF in mortars at a W/B = 0.484 (M1GFA, M5GFA) yielded equivalent
compressive strengths to that of the control (M0). With a dosage of
10%, M10GFA clearly showed improved compressive strengths,
similar to those of M10SFA (Fig. 15). The GF’s high alkali content
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did not affect the ultimate compressive strength of the mortars, as
has been seen with plain cement concrete [34]. Like SF [38–40], GF
entraps alkalis in C–S–H gels. VPSEM observations show that the
GF and SF densified the mortar’s microstructure and reduced the
ITZ (Figs. 18a,b and 19a, b). They react with CH to produce poz-
zolanic C–S–H gels that plugged the pores in the cement paste.

Overall, the GF mortars required a lower SP dosage than the SF
mortars. This fact can be attributed to the GF’s completely spheri-
cal morphology (Fig. 1 and 2). This morphology enabled a ball-
bearing effect in the fresh-mortar batches. In the case of the SF,
the non-negligible nanofilament content (Fig. 3) greatly reduced
this effect. At low W/B, a high GF content in the mortar (e.g.,
M10GFB) decreased the compressive strength in comparison to
mortars with lower GF contents (e.g., M1GFB, M5GFB). The SP
dosage in M10GFB exceeded the manufacturer’s prescribed limit,
which retarded the setting of this mortar and reduced the degree
of hydration of its cement content (Table 4 and Fig. 16). It should
be noted that most cement and concrete producers in Canada
[41,42] limit the use of materials such as SF to 8%.
6.3. Reaction mechanisms

Thomas et al. [32] stated that silica-based materials have a two-
stage reaction mechanism. First, they react with calcium ions dis-
solved from cement to form C–S–H gels. Second, the latter turn into
seeds for the hydration process of cement. In our case, the GF
exhibited a four-stage mechanism when mixed with cementitious
materials. First, the alkali contents activated the dissolution of the
cement phases and their hydration (Phase 1 in Fig. 17). Second, the
GF acted as a nucleating agent for CH at early age (Phase 2 in
Fig. 17). Third, the GF triggered the pozzolanic reaction (Fig. 11).
Fourth, the alkalis were fixed in the C–S–H gels by the GF (Figs. 15
and 16). The effects of GF on the properties of cement-based mate-
rials are therefore determined by the amount of alkalis dissolved in
the pore solution and by the SSA available for the nucleation effect
and the pozzolanic reaction to take place. The properties of
cement-based materials are therefore not improved below a cer-
tain threshold of GF content determined by the W/B and mortar
compacity [43,44].
7. Conclusion

The use of GF in cement-based materials was investigated as a
valuable, viable alternative to SF. The actual scarcity and high cost
of SF reduces the opportunity for its use in high- and ultra-high-
performance concrete. The GF reported herein was produced using
the RF ICP spheroidization process for waste glass. Because of its
high throughput, this technology can provide a commercially
viable alternative to existing SF and exert low environmental
impact when produced with renewable electricity sources. The
GF tested presented PSDs similar to the SF, although their mor-
phologies differ. The GF had a completely spherical morphology,
whereas the SF exhibited a non-negligible content of nanofila-
ments. It contained amorphous spheroidized glass nanoparticles
with a PSD of 30–200 nm. The GF, however, contained a non-
negligible amount of alkalis.

On the short term, these alkalis dissolved in the pore solution
during the first hours of hydration. They activated the dissolution
and hydration of the calcium silicates and calcium aluminate
phases of the cement. Because of its large SSA, the GF played the
role of a nucleating agent. At early age, the hydration of C3S and
C3A phases was more exothermic and the GF consumed �4% more
CH than the SF. Above a threshold level of GF content in cement
pastes, the saturation in CH in the pore solution is delayed and
the hydration of C3S and C3A hastened. These activation effects
favor cement hydration.

On the long term (>28 days), the amorphous silica of the GF
reacted slowly with CH via the pozzolanic reaction. A drastic
decrease in CH was measured in the GF cement pastes. Above a
threshold level of GF content in the mortars, an adequate amount
of GF reacted with CH to yield pozzolanic C–S–H, thereby yielding
compressive strengths comparable to those obtained with the SF
mortars.

The tests performed on the cement pastes and mortars indicate
that the GF had a four-stage behavior when mixed with cement-
based materials. First, the alkali content activated the dissolution
of the cement phases and their hydration. Second, the GF acted
as a nucleating agent for CH at early age. Third, the GF triggered
the pozzolanic reaction at late age. Fourth, the GF entrapped the
alkalis in the C–S–H gels. The properties of GF cement-based mate-
rials are driven by the amount of alkalis dissolved in the pore solu-
tion and quantity of SSA for the nucleation effect and pozzolanic
reaction. In order to yield improved effects, the GF content must
be above a threshold level determined by the W/B and the material
compacity in cement-based materials.
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