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Abstract With the potential for a decline in fly ash
(FA) production over time, due to the phasing down of
coal fired power plants, alternative supplementary
cementitious materials need to be identified. The
efficiency of pulverised glass powder (PGP) was
studied for its reactivity and its capacity for inhibiting
alkali-silica reaction (ASR) that results from utilisa-
tion of recycled glass as a fine aggregate (sand)
replacement. Characterisations of pastes containing
PGP reveal that PGP may possess latent hydraulic
properties, resulting in a more than 75% strength
activity index, together with better strength gain than
FA-blended pastes. PGP also offered increased heat of
hydration compared to FA, from a combination of the
dilution effect, filler effect and early-age reactions of
PGP. A comparable efficiency of PGP and FA in ASR
expansion mitigation was confirmed with mortar bar
expansions of less than 0.10% at cement replacement
levels of at least 10%. Both PGP and FA provided
alkali dilution and reduced the mass transport in
hydrated cement paste from the refinement of larger
pores to below 60 nm. The FA mix consumed calcium
hydroxide and, thus, performed marginally better than
the PGP mix in mitigating ASR. This pozzolanic
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reactivity is not evident for PGP, whereas in the
literature glass powders are often regarded as poz-
zolanic. Microscopic images confirm that PGP and FA
significantly limit the occurrence of ASR gels without
altering its composition. It was concluded that PGP is
a comparable ASR inhibitor to FA, despite the
underlying differences in their mechanisms. The result
of this research support the utilisation of recycled glass
both as an aggregate, and as an ASR-inhibiting SCM
in cementitious systems.
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1 Introduction

Around 56% of post-consumer glass, particularly from
packaging, is recycled in Australia (about 0.62 million
tons), leaving the rest to be stockpiled or disposed of in
landfill [1]. The stringent benchmark for glass prod-
ucts often limits the capacity for waste glass to be
recycled to its original form, especially because of
contamination with sugars, paper, tags, and blending
of different coloured glasses in co-mingled recycling
practice. A technical solution towards sustainable
utilisation of recycled glass can be adaption as a
component used in the manufacture of concrete. The
current global aggregate consumption in concrete
stands at 17.5 billion tons and the replacement of
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natural aggregates with recycled glass can offer an
effective pathway for value-added utilisation, not just
in traditional concrete-making, but also in alkali-
activated and foam concrete [2—4]. The use of glass
fine aggregate (GFA) in concrete can be dated back to
the 1950s but the durability of the manufactured
concrete was questioned upon detection of the alkali-
silica reactivity of glass [5].

Alkali-silica reaction (ASR) is a complex chemical
reaction between reactive aggregates (e.g., recycled
glass), hydroxyl and alkali ions in concrete pore
solution. Continuing research in understanding the
mechanism behind ASR identifies three criteria [6, 7]
that need to be aligned for the reaction: (i) high alkali
content in concrete pore solution; (ii) presence of
moisture; and (iii) availability of reactive silica.
Calcium ions present in the pore solution also play
an essential role in the initial ASR gel formation and
its subsequent expansion [8—11]. Recycled glass is
mostly composed of an amorphous phase and, thus,
can dissolve in the highly alkaline pore solution of the
cementitious composite. The dissolved silica under-
goes a series of chemical changes, including hydra-
tion, to form soluble silicate species (mainly H3SiO,
and HQSiOi_) that associate with available K™, Na™,
and Ca’>" ions in the pore solution. The resultant
chemical reaction is the formation of insoluble poly-
metal silicates. Flocculation and condensation of these
silicates form hydrophilic ASR gels, which swell from
water absorption and result in expansion. The expan-
sive nature of ASR gel formed in concrete can initiate
internal cracks from the pressure exerted, threatening a
concrete’s durability. Details about the ASR mecha-
nism are further explained in [7, 10, 12-16].

ASR expansions in concrete can be limited with
addition of mineral additives as supplementary
cementitious materials (SCMs) [17-19]. In this con-
text, the role of fly ash (FA) has been investigated in
detail [19-21]; several mechanisms contribute to a
reduced ASR expansion, such as alkali binding
[22, 23], alkali dilution [24, 25], Portlandite consump-
tion [26, 27], limited mass transport [28], and
aluminium discharge from FA to control the dissolu-
tion of reactive aggregates [21]. However, the contin-
ually increasing demand for FA in the construction
industry may not be met in the future due to declining
production in coal-fired power generation, with a shift
towards alternate sources of energy production [29].

Thus, exploration is needed to find other sustainable
sources of SCMs for ASR mitigation in concrete.

Pulverised glass powder (PGP) has recently gained
attention as a potential alternative to FA. The argu-
ment for PGP as an ASR suppressor relies on its
pozzolanic reactivity for ASR mitigation [30-33]. In
addition, PGP limits the dissolution of amorphous
silica from reactive aggregates by discharging alu-
minium in the pore solution [34] and reducing the
alkalinity in the vicinity of the reactive aggregates
[35]. While the “pessimum” level of fineness of the
reactive aggregates (e.g., glass aggregate) causes the
maximum expansion [36, 37], a reduced expansion is
observed when glass is ground to a smaller size of less
than 0.30 mm [38]. As such, PGP can inhibit the ASR
expansion of glass fine aggregate (GFA) in concrete
[31, 32, 39]. However, the ASR suppression from the
use of PGP cannot be universally attributed to its
pozzolanic reactivity despite its recent standardisation
as a pozzolan for use in concrete in ASTM C1866M —
20 [40]. For instance, Dyer and Dhir [41] observed no
evidence of Portlandite consumption while replacing
40% cement with PGP and confirmed no enhancement
in the degree of reaction. In a separate study, Ramadan
et al. [42] reported a weak pozzolanic reactivity of a
glass powder even when ground to a 20 um median
particle size; Jang et al. [43] and Aliabdo et al. [44]
reported a latent hydraulic property of powdered glass.
This deviation from the expected outcome emphasises
the inherent differences in the quality of glass that can
dictate its pozzolanic reactivity due to contrasting
chemical composition, fineness, and the quantity of
glassy phase. Despite soda-lime glass (Type GS) and E
glass (Type GE) being standardised as pozzolans [40],
the reactivity of mingled glasses, the most common
form of recycled glass, needs further assessment to
complement the current understanding of the reactiv-
ity of glass.

This research is aimed at providing evidence on the
efficiency of PGP sourced from mixed coloured
recycled glass to inhibit the ASR expansion derived
from the use of mixed glass as fine aggregate. The
study focuses on understanding the underlying mech-
anism of ASR mitigation by using recycled glass
powder and its differences compared to fly ash
including its pozzolanic reactivity. The results can
assist in strategising safe use of glass in concrete both
in aggregate and binder form and promote global
acceptance in country-specific standardisations for
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locally sourced recycled glass. To this extent, the
reactivity of PGP as a mineral additive to cement paste
is assessed by different techniques, including
(1) strength activity index (SAI), (ii) the heat evolution
during the hydration, (iii) the consumption of Port-
landite, and (iv) modifications in the pore structure. An
accompanying set of specimens with low-calcium FA
is also studied to provide a systematic comparison
against PGP. Subsequently, the efficiency of PGP to
mitigate ASR expansion of recycled glass fine aggre-
gate (GFA) is explored using the accelerated test
method outlined in ASTM C1567 [45].

2 Materials and experimental methods
2.1 Binders and SCMs

An Australian General Purpose (GP) cement con-
forming to AS 3972 [46] was used in this study. Low-
calcium FA conforming to AS 3582.1 [47] and PGP
were sourced locally, and their reactivity was assessed
through a series of analytical techniques to investigate
the expansion mitigation induced by ASR. The
chemical composition of the cement, FA, and PGP
was determined by wavelength-dispersive X-ray flu-
orescence (WDXRF) technique in a PANalytical
Axios Advanced WDXRF spectrometer, and the
results are summarised in Table 1. To conduct the
WDXREF, fused glass bead samples were prepared
from each material used in this study. Meanwhile, the
loss on ignition (LOI) was measured on sub-samples at
the same temperature as the beads. The LOI of the
cement may have originated from the limestone
addition of up to 7.5% [46] in the commercially
available Australian GP cement. The GP cement used
in this study contains 5.9% calcite, which was
determined by thermogravimetric analysis (TGA).
The specific gravity of the cement, FA, and PGP were
determined as 3.20, 2.66, and 2.80, respectively using
ASTM C188 [48] procedure.

The particle size distribution (PSD) of the binders
was determined with laser diffraction technique in a
Malvern Mastersizer 2000 instrument. The D, Dsq,
Dy values of the binders are presented in Table 2
determined from the PSDs illustrated in Fig. 1. The
PGP obtained from the supplier (coarse PGP) was
significantly coarser than the cement and FA used in
this study with a median diameter D5y of about 80

Table 1 Chemical composition, LOI, and specific gravity of
cement, FA, and PGP

Chemical oxide Chemical composition by mass (%)

GP cement FA PGP
SiO, 19.15 63.61 71.59
Al,O4 4.76 25.60 1.37
CaO 64.18 1.87 10.92
Na,O 0.26 0.55 12.67
MgO 1.28 0.56 0.48
Fe,03 3.04 3.17 0.45
Mn;0y4 0.05 0.04 0.09
P,05 0.09 0.27 0.02
SO, 2.44 0.07 0.02
K,0 0.43 1.28 0.29
TiO, 0.22 0.95 0.05
BaO 0.01 0.02 0.02
ZnO 0.05 - 0.07
Cr,04 0.01 - 0.05
CuO 0.01 - 0.01
Loss on ignition (LOI)  3.57 1.73 0.78
Specific gravity 3.20 2.66 2.80

Table 2 Percentile values as determined from the particle size
distribution of cement, FA, and PGP

Material Djo (um) Dsg (pm)  Dog (pm)
GP Cement 2.7 17.1 419
FA 2.3 16.5 51.3
Coarse PGP (as received) 29.9 80.9 162.8
Fine PGP (after milling) 4.1 19.3 52.1

microns, over four times the size of cement and FA. To
maintain a similar PSD, the coarse PGP was milled in
a Fritsch Pulverissette 6 planetary mono mill resulting
in fine PGP with a median particle size D5, of 19.3
microns.

The mineralogical characterisation of the binders
was achieved using X-ray diffraction (XRD) analysis
in a Philips X’pert MPD (multi-purpose X-ray
diffractometer) and data were qualitatively processed
with High Score Plus software. The phases identified
are presented in Fig. 2. The raw GP cement shows
several minerals including Alite (C3S), Belite (C,S),
Tricalcium aluminate (C3zA), and Ferrite (C,AF) with
traces of gypsum (CaS04.2H,0). The unreacted FA
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shows crystalline phases of Mullite, Quartz, Hematite,
and small but detectable traces of Akermanite together
with amorphous phases detected in the wide diffrac-
tion bump in the 17-30° (26) range [49]. In contrast,
PGP exclusively shows a hump centred at around 25°
(20) with no recognisable crystalline peak in its XRD
pattern, which confirms the strong amorphous nature
of PGP. The SEM micrographs of raw GP cement, FA,
and coarse PGP are shown in Fig. 3 outlining the
differences in their morphology.

2.2 Aggregates

Double-washed natural river sand and crushed glass
fine aggregate (GFA) were used as fine aggregates in
the preparation of mortar samples to evaluate the ASR
potential of GFA. The river sand was sourced from the
Ardmore Park Quarry in NSW while the GFA was

20 (Theta) Angle

supplied by a glass recycling facility in Tuncurry,
NSW. To minimise contamination (organic residue,
paper tags, sugar, etc.), the GFA was washed and pre-
treated at elevated temperatures prior to supply. The
absence of sugar in the glass fine aggregate (GFA) was
confirmed by undertaking the procedure described in
AS 1141.35 [50]. The water absorption of the river
sand and GFA were measured at 3.5% and 0.1%,
respectively, following the procedures described in
AS 1141.5 [51]. The GFA water absorption is signif-
icantly lower than natural river sand due to its non-
porous texture. The specific gravity of river sand and
GFA are 2.62 and 2.32, respectively.

2.3 Experimental methods

A list of all the tests undertaken in this study is
outlined in Table 3 with the mixture proportion
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Fig. 3 SEM micrographs of raw binders: a GP cement; b FA; (c) Coarse PGP

parameters adopted for each test. The individual test
method procedure is detailed in the subsequent
sections.

2.3.1 Strength activity index (SAI) test

To determine whether, or not, PGP results in an
acceptable level of strength development when used as
an SCM, a strength activity index (SAI) test was
undertaken as per ASTM C311 [52] procedure. The
strength development of the mixes with SCMs sum-
marised in Table 3 was evaluated against a cement-
based control mix while 20% of the cement was
replaced by FA and PGP (both coarse and fine). Six
mortar cubes were prepared for each control and test
mixture and tested under compression at the age of
7 days and 28 days.

2.3.2 Heat evolution of pastes

The effect of FA and PGP on the heat of hydration of
cement was investigated by monitoring the heat
evolution in a TAM Air isothermal calorimeter (TA
instruments); the isothermal condition was maintained
at 23 °C. For each test, 6 g of paste sample was
prepared by manual-mixing in a 20 ml glass ampoule,
quickly followed by loading the specimen into the
calorimeter. Each test sample was accompanied by an
inert reference sample (quartz sand) with the same
heat capacity as the 6 g test sample. The heat evolved
in the first 72 h of hydration was measured for
determining the heat flow and the cumulative heat of
hydration. Each test was repeated to gather at least two
sets with similar results.

2.3.3 Thermogravimetry analysis (TGA)

Thermal analyses of the cement pastes with and
without SCMs (20% replacement) were undertaken;
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Table 3 Summary of the experimental program with mixture proportions of paste and mortar samples

Sample description Mix ID Binder (%) Aggregate (%) W/B ratio  Test description
Cement FA PGP River sand GFA

Mortar Control 100 - - 100 - 0.48 SAI
PGP (Coarse) 80 - 20 100 - 0.48 SAI
PGP (Fine) 80 - 20 100 - 0.48 SAI
Fly ash 80 20 - 100 - 0.48 SAI

Paste Control 100 - - - - 0.48 TGA, NAD, HE
10FA 90 10 - - - 0.48 HE
20FA 80 20 - - - 0.48 TGA, NAD, HE
10PGP 90 - 10 - - 0.48 HE
20PGP 80 - 20 - - 0.48 TGA, NAD, HE

Mortar (AMBT test series) 100GP-100GFA 100 - - - 100 047 AMBT
100GP-40GFA 100 - - 60 40 0.47 AMBT, SEM-EDS
100GP-20GFA 100 - - 80 20 0.47 AMBT

Mortar (AMBT mitigation series) 10FA-40GFA 90 10 - 60 40 0.47 AMBT, SEM-EDS
10FA-20GFA 90 10 - 80 20 0.47 AMBT
20FA-40GFA 80 20 - 60 40 0.47 AMBT
20FA-20GFA 80 20 - 80 20 0.47 AMBT
10PGP-40GFA 90 - 10 60 40 0.47 AMBT, SEM-EDS
10PGP-20GFA 90 - 10 80 20 0.47 AMBT
20PGP-40GFA 80 - 20 60 40 0.47 AMBT
20PGP-20GFA 80 - 20 80 20 0.47 AMBT

SAI Strength activity index, TGA Phase analysis by thermalgravimetric analysis, NAD Microstructure by nitrogen adsorption and
desorption isotherms, HE Heat evolution by isothermal calorimetry, AMBT Accelerated mortar bar test, SEM—EDS Scanning electron

microscopy—Energy dispersive spectroscopy

the paste mixes tested are outlined in Table 3. To study
temporal changes in microstructural properties, the
hydration of the specimens was stopped at selected
times (7, 14, 28, and 56 days), with the paste samples
cast in plastic containers and stored at 23 °C until the
day of testing. On each test day, fragments from the
core of the sample were collected and milled in a
Fritsch Pulverissette 6 planetary mono mill equipped
with a tungsten carbide grinding bowl and bearing
balls.

The solvent exchange method suggested by RILEM
TC-238 SCM [53] recommendations, with two mod-
ifications, was used to end hydration in the test
specimen. The modifications were: (i) the duration of
solvent exposure was extended from 15 to 60 min; and
(ii) drying was extended from 8 to 30 min to confirm
absolute hydration stoppage. The modifications were
undertaken to ensure sufficient exchange to stop
hydration without damaging the microstructure based

on the works of Zhang and Scherer [54]. The test
specimens were immersed in isopropanol (at a dose of
3 g per 100 mL) and agitated with a magnetic stirrer
(60 min for 3 g of test specimen). The dispersed test
specimen was then vacuum filtered through a mem-
brane filter. The residue on the filter was cleaned once
with isopropanol and twice with diethyl ether on the
filter paper and then dried on the filter paper, at 40 °C
in a ventilated oven for 30 min. Finally, specimens
were placed in plastic vials and stored in an N,
atmosphere glove box. Any remaining air within the
plastic vial was released and replaced with N, gas.
The thermogravimetric analyses (TGA) were con-
ducted in a Q600 SDT from TA instruments. Approx-
imately 30 mg of the test specimen was placed in an
alumina crucible and loaded into the instrument. The
specimens were left at an isothermal condition for
10 min and the subsequent thermal analysis was
performed under a 50 mL/min N, gas flow
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atmosphere. The temperature ranged from 23 to
1000 °C at a rate of 10 °C/min. The TGA curves of
the paste samples were interpreted following the
tangential method suggested in the previous literature
[55] to quantify the CH content at the ages of 7, 14, 28,
and 56 days.

2.3.4 Pore structure measurement (N, adsorption—
desorption isotherm)

To register the transition of structures of gel and
median capillary pores from young to mature ages,
nitrogen adsorption—desorption isotherms (NADs)
were determined using a NOV Atouch LX gas sorption
analyser. The paste samples prepared for TGA were
used to determine NADs for 7, 14, 28, and 56 days.
For measuring the NADs, the samples were degassed
for 16 h at 40 °C under vacuum conditions to remove
any physically adsorbed gases. The degassing was
undertaken in a vacuum instead of gas flow to remove
water from the fine pores for pore structure determi-
nation as suggested by Scrivener et al. [56]. The
adsorption branches of isotherms were analysed
employing the Barrett, Joyner and Halenda (BJH)
method [57] because the pore size distribution is the
main interest of this study. The desorption branch
cannot provide a reliable pore size distribution for a
complex pore structure (such as cementitious materi-
als) where network effects (pore-blocking and cavita-
tion) significantly affect the desorption isotherm
[58, 59]. This method assumes pores in hydrated
cement products to be cylindrical and has been utilised
to investigate pore sizes up to 60 nm in radius [60-62].
Due to the assumption, the BJH method only provides
limited information but is still reasonably effective in
the qualitative analysis of cementitious materials
[52, 57, 58], at least for comparative analysis.

2.3.5 Accelerated ASR test

The potential for expansion due to ASR of GFA was
measured using standard mortar bar testing following
ASTM C1260 [63] and its Australian Standard coun-
terpart AS 1141.60.1 [64]; the test procedure is
known as the accelerated mortar bar test (AMBT).
The potential of PGP in mitigating the expansion
induced by ASR of GFA was investigated following
ASTM C1567 [45] guidelines and compared to that of
FA.

Two series of experiments were undertaken: (i) the
test series utilised GFA in different proportions in a
100% cement binder and (ii) the mitigative series
incorporated FA and PGP as SCMs. Details of these
mixes are summarised in Table 3. In the test series,
cement mortars with varying fine aggregate replace-
ment ratios of 20%, 40% and 100% (by mass) were
investigated to classify the aggregates based on
expansions. The mitigation series replaced GP cement
with FA and PGP at 10% and 20% keeping the GFA
proportions in the mixes to be 20% and 40%. Other
mixture parameters, mixing procedure, sample prepa-
ration, conditioning, and data collection were main-
tained according to the standards. All specimens were
exposed to 1 mol/L NaOH solution at 80 °C. At the
end of 14 days (ASTM C1260 [18]) and 21 days (AS
1141.60.1 [11]) of exposure, each aggregate portion
was classified according to the criteria outlined in
Table 4 based on the expansions recorded. For the
mitigation series in Table 3, ASTM C1567 [19]
guidelines were followed. In the mitigation series, FA
and PGP replaced cement, and mortar bar expansions
of less than 0.10% after 14 days of zero reading were
defined as acceptable expansions with the aggregate
being classified as “innocuous”. Three standard prism
specimens were used for all AMBT tests.

2.3.6 Microstructural analysis of mortars after AMBT
test

The morphology of ASR gel in the AMBT test
samples after the test duration was observed employ-
ing a Hitachi 3400 scanning electron microscope with
energy dispersive spectroscopy (SEM-EDS). For this
purpose, SEM samples of about 2-3 mm thickness
were saw-cut with a slow rotating diamond saw. The
thin slices were then embedded in epoxy resin and the
test surface was ground on emery papers before
polishing with diamond paste with progressively
smaller grit (6 pm, 3 pm and 1 pm diamond polishing
paste) to ensure ideal image quality. An Emitech
K575x Pt sputter coater was employed to coat the
sample surface with 20 nm Pt sputters under vacuum
conditions. The coating ensured that there is no
accumulation of electrons (charging) on the non-
conductive specimen surface and a clear image is
obtained. The microscope was operated under
backscattered electron (BSE) mode at an accelerating
current of 30 amps and 20 kV voltage, ensuring
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Table 4 Comparison between ASR reactivity thresholds in ASTM C1260 [63] and AS 1141.60.1 [64]

ASTM C1260 AS 1141.60.1
Interpretation 14 days expansion (%) Classification 10 days expansion (%) 21 days expansion (%)
Innocuous < 0.10 Non-reactive - < 0.10%
Uncertain 0.10-0.20 Slowly reactive < 0.10% 0.10¥-0.30
Potentially deleterious > 0.20 Reactive > 0.10* -
Reactive - > 0.30

*The value for natural fine aggregates is 0.15%

1300 & 300 counts per second. The backscattered
EDS was corrected using a peak to background (P/B)
ZAF correction to obtain the semi-quantitative ele-
mental composition.

3 Results and discussions
3.1 Reactivity of FA and PGP

To evaluate the reactivity of coarse and fine PGP and
to provide a comparison against low-calcium FA, their
strength activity indices (SAIs) were determined as
illustrated in Fig. 4, together with respective strength
gains in 7 days and 28 days. As expected, cement
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substitution with 20% PGP and FA resulted in
comparatively lower strengths than the control in both
seven and 28 days. The degree of strength reduction
was, however, dependent on the SCM used; coarse
PGP reached the lowest level of strength, followed by
FA and fine PGP, respectively. Although derived from
the same source, the mortar with the fine PGP reached
52% higher compressive strength than the mortar with
coarse PGP in 28 days, highlighting the influence of
the fineness of PGP on strength gain. In addition, the
fine PGP (that had similar PSD to that of FA, as shown
in Fig. 1) achieved more than 15% higher compressive
strength than FA mortars. It is hypothesised that this
variation in strength is related to the difference in their
chemical compositions. The fine PGP achieved the
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highest SAI followed by FA and coarse PGP, respec-
tively. More importantly, the SAI of the coarse PGP
and FA failed to reach 75% of the control while only
the fine PGP reached the mark in both seven and
28 days. Therefore, the fine PGP conforms to the
requirements set by ASTM C618-19 [65] to be
regarded as a pozzolan (particularly Class N). It
should be noted that the FA used in this study closely
failed to reach the Class F criteria in ASTM C618-19
due to the SAI index being less than 75%. However,
this FA conforms to AS 3582.1 [47] and is a widely
used commercial product in Australia. The reactivity
of the fine PGP can derive from its highly amorphous
structure, relatively high contents of Na,O and CaO
(more than 10%, as seen in Table 1), and the
significantly low LOI in contrast to cement and FA.
The relatively high alkali and CaO content may
contribute to enhanced cement hydration [66], leading
to better strength development, particularly in the first
28 days of hydration [67]. An inverse relationship
between LOI of SCMs and compressive strength was
also reported in the previous studies [68, 69] and thus
may corroborate the higher strength gain of fine PGP.
However, the nature of this reactivity of PGP was
assessed to be latent hydraulic in nature, as discussed
further in Sects. 3.2 and 3.3 of this paper.

The current classification methods for pozzolans,
particularly ASTM C618-19 [65] is somewhat subject
to interpretation, as the factors outlined in the standard
to classify pozzolans such as, LOI, chemical oxide
composition, and fineness, cover a broad range and
materials, and within the range different performances
may be observed. In addition, factors such as the
quantity of amorphous phase and ability to consume
CH are not reflected. These parameters can change
even for certain well-recognised pozzolans (e.g., FA),
depending on their source, and this variability is
unavoidable. The pozzolanic property of the fine PGP,
although conforms to the standardised definition and is
in line with findings in the literature [34, 70, 71],
cannot be taken as absolute without undertaking
further analytical assessments. The SAI on its own
may not provide a decisive outcome to characterise
PGP as pozzolan because some anomaly may exist
between the index and its true performance as a
pozzolan [72]. As such, further technical evidence is
gathered in this research to assess fine PGP’s perfor-
mance as an SCM. Nevertheless, the SAI test provided
a comparative outcome, especially in demonstrating

the higher reactivity of PGP when ground to a finer
median size of 19.3 pm.

3.2 Heat evolution of pastes

The effects of cement substitution with FA and PGP
on the rate of heat evolution (normalised to unit mass
of binder and unit mass of cement) were investigated
using an isothermal calorimeter and data is presented
in Fig. 5. The typical stages of cement hydration [73]
are observed in both heat flow curves in Fig. 5a, c. An
initial peak of high magnitude occurs within approx-
imately 30 min of hydration, which corresponds to the
binder wetting and dissolution, followed by a short
induction period. The end of the induction period
marks the onset of the first acceleration period that
reaches the peak at around 9-10 h. At this stage, two
distinct peaks can be identified for all paste mixes. The
first peak corresponded to the accelerating growth of
cement hydration products (C—S—H), mainly through
the hydration of alite (C3S). The second peak (also
known as the sulphate depletion peak [74]) featured
further formation of ettringite from hydration of the
aluminate phases (C;A and C4AF) [75]. The gypsum
identified in Fig. 2 controls the rate of the aluminate
phase hydration to avoid flash set and loss of
workability. Following the sulphate depletion peak,
the heat flow was decelerated, indicating the decreas-
ing hydration reaction rate [76]. The heat flow curve
flattened beyond the deceleration and hydration con-
tinued in a steady-state phase as marked by the
growing cumulative heat curves in Fig. 5b, d.
Normalising the heat of hydration to the total mass
of binder and cement provides important information.
The reduced heat flow and cumulative heat of Fig. 5a,
b could mainly be the result of the dilution effect of
both FA and PGP; the dilution is more prominent at a
higher replacement level of 20%. However, at the
same replacement level of PGP and FA, greater heat
was generated in the PGP pastes than that of FA pastes,
indicating the relatively superior reactivity of PGP.
This higher cumulative heat of PGP pastes may
corroborate the higher strength achieved in the SAI
tests illustrated in Fig. 4. When heat flow is nor-
malised per gram of cement (Fig. 5c), an increase in
the heat flow is evident with the inclusion of SCMs.
Both FA and PGP acted as fillers between cement
grains, providing extra space and nucleation sites for
the hydration products at the same water to binder
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(total solids) ratio [28, 77]. This filler effect was also
reflected in the cumulative heat curves presented in
Fig. 5d. With the addition of FA and PGP, the
cumulative heat released per unit mass of cement
increased; the rate is higher for a higher degree of
substitution. Interestingly, PGP offers a higher heat
flow than FA at the same replacement levels. Consid-
ering Class F fly ash are inert in the first 24 h of
hydration, this increased heat release using PGP may
indicate an early-age reaction potential of PGP. The
previous studies [43, 44] also showed some extent of
hydraulic property of powdered glass due to its CaO
content.

It is noteworthy that the nature of the heat flow
curves in Fig. 5a, ¢ did not alter with the addition of
FA and PGP—the slope of the acceleration curve
remains almost identical. However, critical features
were still noticeable with the time of occurrence of the
acceleration and the sulphate depletion peaks. With
the addition of SMCs, the acceleration peak was

slightly delayed by approximately 20 min and 30 min
for 10% and 20% FA, and 30 min and 50 min for 10%
and 20% PGP addition. This delay suggests that both
FA and PGP retards cement hydration to some extent
with a relatively longer induction period. The litera-
ture reports that fly ash causes the delay from two
competing phenomena—increase in the nucleation
sites and retardation due to the adsorption of Ca** that
would otherwise take part in CH formation [78, 79]. A
similar mechanism may or may not explain the delay
for PGP inclusion. However, by providing extra
nucleation sites for cement hydration (as reflected in
Fig. 5¢), both SCMs counterbalance the retardation
and thus, the delay in the formation of acceleration
peak is marginal.

3.3 Thermogravimetric analysis (TGA)

The CH contents obtained from control, 20PGP, and
20FA using TGA are compared in Fig. 6 for up to
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56 days of hydration. A gradual increase in the CH
content for the control cement paste was observed up
to 28 days, as expected, indicating continuing hydra-
tion of the cement. The CH content in the first four
weeks of hydration could be linked to the hydration of
alite (C5S). However, following 28 days, a small drop
in CH (0.0032 g/g of anhydrous cement) was observed
in the cement paste. Such a small change may be the
experimental error caused by the detection limit of the
data. The 5.9% calcite in the GP cement used in this
study may form carboaluminates at a later age [80],
triggering a slight drop in CH content in control and
20PGP between 28 and 56 days. Weerdt et al. [81]
observed a similar drop in CH content in cement paste
with 5% limestone and attributed the drop to sec-
ondary effect of carboaluminate formation or simply
dilution effect.

On day seven, the CH content per gram of
anhydrous cement in the pastes with 20% of FA and
PGP was slightly higher than that obtained from the
control. This seems to be due to the filler effect of FA
and PGP as also identified in heat flow curves which
increase the hydration degree of the cement particles.

As the pastes mature to 56 days, the consumption of
CH in the FA paste was evident with a steady decline
in the CH content over time. The declining trend
suggested the FA’s continuing pozzolanic reaction in
consuming CH to produce secondary C—S—H in the
system [81]. Attention can be drawn to the SAI of FA
in Fig. 4—in 28 days, the FA specimens reached 71%
strength of the control as opposed to 66% in 7 days.

The TGA suggested that the pozzolanic reactivity of
FA caused this improved strength at a later age.
However, a contrasting observation was made for the
paste with PGP. There is no clear evidence of CH
consumption in Fig. 6 for 20% PGP replacement. On
day 56, the relatively lower CH in the PGP paste may
be attributed to the reaction of limestone of the GP
cement to produce hemicarbonates [81], and may not
originate from CH consumption by PGP. The CH
content of the PGP sample was still greater than the
control at 56 days, indicating enhanced hydration of
the cement from the filler effect, a mechanism also
corroborated by the calorimetric analyses.

Since the thermal analysis could not confirm the
pozzolanic reactivity of PGP, the question remains as
to the reasons for the significantly enhanced compres-
sive strength achieved with PGP in the SAI test. The
PGP used in this study may possess a latent hydraulic
property that would explain the SAI achieved (more
than 75%) in both 7 and 28 days of hydration.
Suraneni et al. [82] observed a similar increasing
trend of CH over time when using solid waste
incineration FA with relatively higher CaO content.
Another hypothesis is that glass constituents, instead
of Ca from cement, get incorporated in forming of the
CSH gels during hydration, allowing more CH to be
formed [41]. The PGP of this study, with about 11%
CaO, may have prompted a similar mechanism; i.e.,
latent hydraulic reactivity while undergoing possible
hydration of PGP.

3.4 Pore size distribution (below 60 nm)

The cumulative pore size distributions (below 60 nm)
of all samples are presented in Fig. 7 for 7, 14, 28, and
56 days of maturity, which provide the basis for
several critical observations. It should be noted that
nitrogen adsorption/desorption fails to quantitatively
capture pore sizes around and greater than 60 nm
[60-62], and discussions hereafter are as such, reflec-
tive of pore sizes smaller than the range. These pores
are micropores and mesopores in hydrated cement
paste as defined in [60]. The water to binder ratio of
the pastes was 0.47 and at such level, the residual free
water from cement hydration is expected to form
coarser capillary pores [60, 83] that may not be
captured in NAD isotherms [62]. However, the
cumulative pore size distribution within the micro
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and mesoporous region can still be evaluated
qualitatively.

Figure 7a shows the gradual pore size transforma-
tion in hydrated cement paste over time. Between days
7 and 14, the volume of pores under 60 nm increased,
due to the formation of small pores from the progres-
sive filling of additional C—S—H gels in the void spaces
from the ongoing hydration. The Ilarger pores
(> 60 nm) went through pore refinement and the
volume of pores smaller than 60 nm increased.
Between days 14 and 56, a volume reduction is
observed of these pores, as identified by the curve
progressively shifting downward. This indicates that
the pore refinement of the control (100% cement)
specimen was mostly achieved due to the fast reaction
and continued hydration of cement in a steady-state
condition, which may densify the cement matrix by
reducing overall pore volumes of 10-60 nm. In
essence, the larger pores (> 60 nm) transform to
smaller ones and, with time, are further refined to
result in lower pore volumes.

For FA incorporated paste in Fig. 7b, the temporal
pore volume change is different from that observed for
the control paste. Due to the dilution effect, the rate of
hydration product formation and, consequently, the
rate of pore refinement per unit volume of FA paste is
expected to be slower than the control. Therefore, up
to 28 days a slight, but gradual, refinement was
marked by increasing volume of pores under 60 nm,
likely from a higher degree of hydration for GP cement
particles [62]. However, between 28 and 56 days,
when cement hydration is slower, an increasing
volume of micro and mesopores are still observed in
Fig. 7b, and this appears to be associated with the
pozzolanic reaction of the FA as identified in the TGA
analysis. As such, the secondary hydration products
due to the pozzolanic reaction continuously fill the
larger capillary pores and, consequently, create the
small or median capillary pores (< 60 nm).

The pore size transformation of PGP incorporated
paste in Fig. 7c is different to that of control but
somewhat like that of FA. The volume of pores below
60 nm steadily rises over time, preferably from the
continuing refinement of pores over 60 nm size. As
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per the case of FA paste (20 FA), the inclusion of the
PGP led to a dilution effect, leading to the slower
formation of hydration products (more porous matrix).
With time, the large pores were continually being
filled with hydration products from the hydration of
cement. This may explain the observation that the
volume of pores within 10-60 nm range did not drop,
unlike in the control. Any contribution from the
pozzolanic reaction cannot be confirmed for this pore
refinement, as TGA analysis did not confirm PGP to
consume CH; however, the latent hydraulic potential
of PGP identified from the SAI test may contribute
towards the gradual increase in the volume of pores
below 60 nm size, due to the accumulation of
additional reaction products from continued hydra-
tion. This is also evident in the heat release, where
PGP offered relatively greater heat release than FA,
likely from the combination of a higher number of
nucleation sites and superior reactivity and thus a
greater volume of larger than 60 nm pores.

3.5 Influence of recycled glass as fine aggregate
3.5.1 Accelerated mortar bar tests (AMBT)

The mortar bar expansions for inclusion of glass
aggregate at 20% and 40% were recorded up to
21 days (AS 1141.60.1 [64]) and 14 days (ASTM
C1260 [63]) and the aggregates were classified
following the AS and ASTM limits (Fig. 8a, b). The
incorporation of glass as a replacement for sand
facilitated ASR and causes measurable expansions in
the mortar bar specimens. All aggregate proportions
over 10% are ‘reactive’ as per AS and ‘potentially
deleterious’ as per ASTM specifications. An aggregate
mix containing 10% GFA and 90% of river sand is
categorised as ‘slowly reactive’ as per AS or ‘uncer-
tain’ as per ASTM. The expansion steadily increases
with higher proportions of GFA as illustrated in Fig. 9.

There is a significant decline in expansion when
cement is partially replaced with FA and PGP
(mitigation series in Table 3) at 10 and 20%, as
observed in Fig. 8c, d. The ASTM C1567 [19] was
followed for the mitigation series, which allows the
determination of the potential alkali-silica reactivity of
combinations of cementitious materials and aggregate.
A high potential for FA and PGP to limit ASR
expansions was observed, with expansions of less than
0.10% after 14 days of conditioning were recorded for

all mixes and, as such, the aggregates in such systems
were innocuous. At a higher SCM replacement of
20%, the expansions were lower, indicating the greater
mitigation potential for higher SCM dosages. More-
over, mixes with FA demonstrated a relatively better
potential for ASR mitigation than PGP. The role of FA
and PGP in the mitigation of ASR expansion can be
further discussed in the context of microstructural
characterisations undertaken in this study.

Several mechanisms can contribute to the ASR
mitigative potential of SCMs, including alkali dilu-
tion, alkali binding, reduced mass transport, consump-
tion of portlandite in GP cement (thus, reducing pore
solution pH), changes in pore solution chemistry, etc.
[19, 39]. Although both FA and PGP were successful
to keep ASR expansions within the limit (0.10%), their
mechanisms may be different. It is recognised that
AMBT conditions specimens at 80C accelerates
reactions of SCMs [28]. On the one hand, the data
seems to be still relevant to specimens exposed to
ambient conditions, despite the accelerated reactions
at higher temperature, as the mechanism behind
reduced expansions is similar [84—-86]. On the other
hand, the alkali contribution of SCMs on the alkalinity
of the pore solution remains unclear, and is worthy of
further investigation.

When replacing 20% cement with FA or PGP, there
was an alkali and calcium dilution in the pore solution
that, somewhat, restricts the process leading to dam-
aging expansions. However, given that the specimens
had continuous alkali supply from immersion in
1 mol/L NaOH solution throughout the test duration,
this may not be the critical mechanism behind the
expansion mitigation. FA demonstrated its ability to
consume CH, making soluble calcium less available
for the formation of expansive ASR gels; the presence
of CH is critical for expansions due to ASR [19, 27].
Moreover, the pozzolanic reactivity of the FA means
that the FA binds alkali and hydroxyl ions in the pore
solution limiting their availability in ASR gel forma-
tion [22]. As a result, the efficiency of FA in expansion
mitigation was marginally better than PGP. However,
with a constant supply of alkalis in the AMBT test, the
most critical mechanism is likely the limiting of mass
transport from the inclusion of FA or PGP; both
materials have taken part in pore refinement of large
pores as suggested by the NAD analysis. This appears
to limit the mass transport of alkalis from the
1 M NaOH solution. Although the contribution of



156 Page 14 of 20

Materials and Structures (2022) 55:156

0.60-
] @)

0.504 —e— 100GP-100GFA
{ —=— 100GP-40GFA
040_ —e— 100GP-30GFA

—— 100GP-20GFA
—a+— 100GP-10GFA

0.304
1 Potentially deleteriou

Length change (%)

4 Uncertain

Innocuo

0 2 4 6 8 10 12 14
Age (days)

1 (¢) 20% GFA

o
)
=

—e— 100GP-20GFA
—a— 10PGP-20GFA
--+-- 20PGP-20GFA
—+— 10FA-20GFA
--¥-- 20FA-20GFA

o o
w b
A A

o
[N

0+ Potentially deleterious

Length change (%)

TR R I I

Innocuous

o
L T

o
o

0 2 4 6 8 10 12 14
Age (days)

Fig.8 ASR expansion of mortar bars: a aggregate classification
as per AS 1141.60.1; b aggregate classification as per -
ASTM C1260; ¢ mitigation of ASR expansion of 20% GFA

the pozzolanic reactivity of FA was evident, the
mechanism of PGP to some extent was unclear.
However, its potential for ASR inhibition remains
noteworthy. This may indicate that the amorphous
silica of PGP (being several times finer than GFA) and
its relatively high content of CaO may take part in both
pozzolanic reactions and hydraulic reactions that can
contribute to the formation of secondary C—S—H gels.
The reactions may have been promoted at the
temperature range of 80 °C adapted in the AMBT
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test [87], limiting the expansions due to ASR within
the acceptable limit of 0.10% as per ASTM 1567 [45].
Mirzahosseini and Riding [87] reported that glass
powder does not demonstrate pozzolanic reactivity at
10 °C and 23 °C; however, at 50 °C, it consumes 17%
CH in 28 days at a replacement level of 25%. At the
80 °C conditioning adopted in this study for the
AMBT tests, both the FA and PGP demonstrated
enhanced reactivity. As such, they take an active part
in pore refinement and reduced the mobility of the



Materials and Structures (2022) 55:156

Page 15 of 20 156

0.7
1 D
. 0.6- Q9
S @t
~ 0.5+
o)
o) I o 2090
S 0.4+ RZ.-0
O -~
3 i R .-
©034.g8 o..-°
S A o--~
202 .9
[0} T 0 .
— 0.1- -@- 14d expansion (%)
k ‘O- 21d expansion (%)
0.01T——T——T T 71
0 20 40 60 80 100

% of GFA

Fig. 9 Correlation between proportion of GFA and expansion

alkalis, thus limiting ASR gel formation. For this
reason, the ABMT samples with SCMs show a rare
occurrence of ASR gels in their microstructure, which
is discussed in the next section.

3.5.2 SEM-EDS analysis

SEM imaging of the samples with and without SCMs
were undertaken to identify changes in morphological
features, enabling qualitative identification of ASR
gels. EDS analysis was also undertaken to observe if
the presence of FA and PGP alter the chemical
composition of the ASR gels. The SEM images
present a clear distinction between the control spec-
imens (Fig. 10a, b) to those with 10% FA (Fig. 10c)
and 10% PGP (Fig. 10d) after 14 days of exposure to
1 mol/L NaOH solution at 80 °C as per ASTM C1567
[45]. The control specimen was severely damaged
with a large volume of ASR gel formation within the
glass aggregates, often to an extent causing total
disruption of the aggregate particle (Fig. 10a). The
swelling of the ASR gels in the control specimen also
led to the formation of microcracks within the matrix,
severely damaging the integrity of the specimens.
Extensive cracking of the mortar prisms was also
visually observed in some specimens. To the contrary,
with the substitution of 10% cement with FA or PGP,
the occurrence of ASR gel was significantly reduced.
Only a trace amount of ASR gel is be observed in
Fig. 10c, d, with several glass aggregates showing no
indication of gel formation. The ASR gel thickness
formed in the control specimens range from 50 to

500 pm; whereas, in the SCM specimens, the gel
thickness reduced to about 2-5 pm, meaning the gel
did not swell sufficiently to cause microcracking. The
microstructure corroborates the expansion readings of
Fig. 8c, d, where a significant reduction is achieved
with SCM substitution.

Approximate Ca/Si and (Na + K)/Si ratios were
measured based on EDS analysis on ASR gels formed
within the glass particles, and in the microcracks, in
the vicinity of glass particles. Figure 10e—g show
representative locations where EDS analysis was
undertaken; not all images have been included in this
paper. The results of elemental analysis are sum-
marised in Table 5. Mirzahosseini and Riding [88, 89]
and Afshinnia and Rangaraju [88, 89] report that ASR
gels initially form in the cracks within glass particles
(cracks originating from the mechanical crushing of
recycled glass) before expanding through the micro-
cracks within the matrix around the glass particle and
progressively inducing damage. Assessment of the
elemental compositions demonstrates that the compo-
sition of ASR gel was location-dependent but not
dependent on the binder composition [90]. The results
also suggest that the reactive silica from the amor-
phous FA, and the PGP, likely contribute to reaction
product formations, rather than in ASR gel formations,
unlike species from the GFA.

The Ca/Si ratio measured on ASR gels within glass
particles was of the range of 0.23-0.26, characterising
typical gel compositions in alkali-reactive aggregates
[10, 90, 91]. However, the Ca/Si ratio of ASR gel
measured within microcracks along the interfacial
transition zone (ITZ) was 0.56. This change in the
elemental ratio confirms that the composition of the
gel is location dependent. Also, the Ca/Si ratio
measured within the cracks was much lower than the
typical Ca/Si of a neat Portland cement paste (~ 1.75)
[92]. This obvious difference suggests that the loca-
tions chosen for the elemental analysis are indeed ASR
gels rich in alkali and Si, and low in Ca, that have
propagated in the microcracks around the glass
aggregates [93]. The increased Ca/Si ratio in the
matrix, compared to within GFA, is linked to alkali
recycling due to the calcium replacement of ASR gels
[94]. Similar findings with higher Ca/Si ratio are
reported in [90, 91, 95, 96].

The Ca/Si ratio of ASR gels in the FA and PGP
incorporated mixes were similar to that of the control,
with no appreciable difference in composition. This
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«Fig. 10 SEM images of mortars investigated in this study:
a, b 100GP-40GFA; ¢ 10FA-40GFA; d 10PGP-40GFA;
e point locations for EDS analysis of 100GP-40GFA; f point
locations for EDS analysis of 10FA-40GFA; g point locations
for EDS analysis of 10FA-40GFA. Notations in the figure are
G Glass fine aggregate (GFA); S River sand; and A ASR gel.
Sample IDs are available in Table 3

comparable composition of the ASR gel in the control
and SCM specimens indicates that neither FA or PGP
necessarily alter ASR gel composition [19]. Thus, it is
not the nature of the ASR gel that dictates the reduced
expansion, rather the substantial reduction of ASR gel
formation, in contrast to the control specimens, that
leads to the reduced expansion recorded in the AMBT
test. SCMs limit the unfavourable conditions for a
damaging level of ASR gel formation, such as high
alkali content in the pore solution, the availability of
reactive silica, and easy access for ion transport, etc.
They do not necessarily alter the chemistry of the ASR
gel towards reduced expansion.

4 Conclusions

This research investigates the (1) reactivity and (2)
ASR mitigation potential of PGP as a SCM and
compares its performance against similar substitution
using low-calcium FA. Finely ground glass powder
can be utilised as a potential SCM that can contribute
to better strength gain than FA with similar ASR
mitigation potential. The results of this study validate
the use of pulverised glass powder, as an ASR
mitigator, together with use of recycled glass aggre-
gate in cementitious composites. The key findings of
this study are summarised below:

e Fine PGP of median particle size of 19.3 pm
enhances strength gain towards achieving a
strength activity index (SAI) of over 75%. The
SAI of FA at 7 and 28 days are 66% and 71%,

respectively. PGP with a median particle size of
80.9 um reaches SAI of 53 and 55% in 7 and
28 days, confirming the fineness of glass powder to
be a critical factor for strength gain.

The higher heat released per unit mass of cement
confirms the filler effect of both FA and PGP. The
effect is more prominent at higher levels of
replacement, leading to greater heat release. PGP
results in higher heat releases per gram of cement
than FA in the first three days of hydration,
possibly due to a higher volume of pores over
60 nm in size. The heat released per unit mass of
binder also indicates a likely hydraulic reactivity of
PGP. The occurrence of the acceleration peak in
the heat flow curve is delayed by 30 min and
50 min for the inclusion of 20% FA and PGP,
respectively.

FA continually consumes CH of hydrated cement
paste, whereas PGP does not demonstrate any CH
consumption. Despite this lack of pozzolanic
reactivity of PGP, the significant strength gain it
offered in the SAI test indicates latent hydraulic
properties.

Both FA and PGP transform the distribution of
pore size below 60 nm by continually filling up
larger pores. The changes in the pore size distri-
bution are related to the pozzolanic reactivity of
FA and the apparent hydraulic reactivity of PGP.
Regardless, the volume of pores in the 10-60 nm
range is relatively higher for PGP.

The use of PGP at 10% and above can effectively
suppress the expansion of a composite with up to
40% glass fine aggregate (GFA) within the stan-
dardised acceptable limit of 0.10%. The potential
of PGP as an ASR inhibitor is comparable to FA,
with the latter providing a slightly better perfor-
mance possibly owing to its pozzolanic reactions
(CH consumption) and a relatively lower pore
volume in the micro and mesopore range.

The inclusion of PGP improves the microstructure
of GFA mortars by limiting the formation of ASR

Table 5 Elemental ratios Mix ID Location No. of points Avg. Ca/Si Avg. (Na + K)/Si

determined by EDS on

locations of interest 100GP-40GFA ASR gel 35 0.26 + 0.06 0.33 £ 0.09
10FA-40GFA ASR gel 28 0.20 + 0.03 0.41 + 0.09
10 PGP-40GFA ASR gel 43 0.23 + 0.08 0.36 + 0.08
100GP-40GFA Near ITZ 13 0.56 + 0.04 0.44 + 0.07
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gels through a coupled action of reduced mass
transport from pore refinement and alkali dilution.
FA does this more effectively from the added
mechanism of CH consumption.

e The inclusion of FA or PGP does not alter the ASR
gel composition of GFA. However, as observed in
SEM images and expansion measurements, they
strongly mitigate the ASR gel formation by
controlling the critical parameters necessary for
damaging ASR gels to occur.
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