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� Engineering properties of FAGP concrete improve from 28 to 540 days from casting.
� Continuing gel production of FAGP concrete densify microstrucre over time.
� Mechanical properties of AAS concrete decrease between 90 and 540 days from casting.
� Disjoining pressure & self-desiccation effect propagate cracks in AAS in long term.
� FAGP concrete is behaving in a similar manor to PC concrete.
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a b s t r a c t

This paper reports the comparison of engineering properties of alkali activated slag (AAS) and low cal-
cium fly ash geopolymer (FAGP) concretes up to 540 days. The results showed that the AAS concrete
had higher compressive and tensile strength, elastic modulus and lower permeation characteristics than
FAGP concrete in the initial 90 days. However, a reduction in AAS concrete performance was observed
between 90 and 540 days, while an increase was noted in FAGP concrete over the same time period.
The microscopy revealed that both reactions progressed beyond 90 days with the slag–alkali producing
excess C–S–H gel which was observed to increase the crack propagation and crack width at latter ages,
attributed to the combined effect of disjoining pressure and self-desiccation. The fly ash geopolymeriza-
tion also continued following an initial 24 h heat curing resulting in a crack-free dense microstructure at
540 days. Overall the discrepancy in microstructural development beyond 90 days in the two concretes
would explain the contradictory performance over the longer time frame.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete is the most widely used construction material in soci-
ety today. Concrete is conventionally produced by using Portland
cement (PC) as the primary binder with the ratio of PC in tradi-
tional concrete being approximately 10–15% by the mass of con-
crete. However, the production of PC has led to environmental
concerns over the production of CO2. Cement production has been
estimated as contributing between 5 and 7% of the current anthro-
pogenic CO2 emissions worldwide [1,2], with the production of 1
ton of cement producing from 0.6 up to 1 ton of CO2, depending
on the power plant [3–5]. This had led to the adoption of waste
materials, such as fly ash (FA) and ground granulated blast-
furnace slag (GGBS), as a replacement for PC due to their ability
to enhance the physical, chemical and mechanical properties of
cements and concretes. More recently research has shown that it
is possible to develop geopolymer concretes based solely on waste
materials activated directly, without the presence of PC, utilizing
an alkaline activator [6–12]. A major benefit of geopolymer con-
crete is that the reduction of CO2 emission by 26–45% with the
replacement of PC with no adverse economic effects [13–15].

In the geopolymerization process, alumina and silica species in
FA rapidly react with highly alkaline activator solution and pro-
duce a three-dimensional polymeric chain and ring structure con-
sisting of Si–O–Al–O bonds. The schematic formation of the final
geopolymer product is sodium-aluminosilicate (N–A–S–H) gel,
which governs the properties of low calcium fly ash geopolymer
(FAGP) concrete [16]. Conversely, in AAS concrete, the calcium sil-
icate hydrates (C–S–H) gel is the main resultant product of
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geopolymerisation, which is similar to the primary binding phase
of PC and blended cement concretes [17].

Hardjito & Rangan [18] and Fernandez-Jimenez et al. [19] stud-
ied the mechanical properties of FAGP concrete up to 90 days and
observed that it has a comparable compressive strength, higher
flexural and splitting tensile strength, but a lower elastic modulus
to that of PC concrete. Ryu et al. [20] showed that the splitting ten-
sile strength to compressive strength ratio at 28 days ranged
between 7.8 and 8.2%, similar to that of PC concrete. Neupane
et al. [21] and Loya et al. [22] also found that the relationship
between elastic modulus and compressive strength of FAGP con-
crete is similar to that of PC concrete. Research has also demon-
strated similar mechanical properties for AAS concrete to PC
concrete for periods up to 90 day [17,23,24], though a reduction
of compressive strength with time has been reported by Collins
and Sanjayan [25], while Bernal et al. [23] found that AAS concrete
has a comparable compressive strength, but higher flexural
strength than PC concrete.

Considering the permeation characteristics, Bernal et al. [26]
showed that the binder content of the concretes has a particularly
strong effect on the water absorption properties of AAS concrete.
Collins and Sanjayan [27] reported that AAS concrete has a lower
water absorption due to the presence of very refined, tortuous
and closed porosity in the concrete. Moreover, Olivia et al. [28] sta-
ted that fly ash geopolymer concrete exhibits low water absorption
and sorptivity compared to the PC concrete. The water/binder ratio
and well-graded aggregate influence were noted to influence the
permeation characteristics. However, these studies were only con-
ducted up to 90 days, and there is no comparison between AAS and
fly ash geopolymer concretes over the long term.

In order to function as a construction material, it is imperative
that both AAS and FAGP concretes maintain their performance over
the design life of a structure. This paper reports the details of an
experimental research program that has been undertaken to inves-
tigate a range of mechanical and durability properties of AAS and
FAGP concrete up to 540 days. The properties assessed were com-
pressive strength, flexural and splitting tensile strength, elastic
modulus, water absorption and water permeability.
2. Significance of research

Published research to date on AAS and FAGP concrete has been
reported their performance only up to 90 days (short term), in each
study using a mixing process unique to that study, with no com-
parison of long term performance between them. This research
reports the performance of AAS and FAGP concretes up to one
and half year while applying the same mixing process, providing
a systematic long term comparison study of the engineering prop-
erties between them. Research data presented here thus will be
extremely useful to comprehend the long term behavior of AAS
and FAGP concretes.
3. Experimental procedure

3.1. Materials used

The GGBS was a construction grade slag conforming to Australian Standard, AS
3582.2 [29], with the basicity coefficient of 0.81 and the hydration modulus of 1.5.
The low calcium, class F FA conforming to Australian standard, AS 3582.1 [30] was
obtained from Tarong power station in Australia. The chemical composition, parti-
cle size distribution and mineralogical composition of fly ash and GGBS, determined
by X-ray fluorescence (XRF), Malvern particle size analyzer instruments and X-ray
diffraction (XRD), respectively are shown in Table 1 and 2. Brunauer Emmett Teller
(BET) method by N2 absorption was used to determine the fly ash surface area.

The alkaline activator used in AAS and FAGP concretes consisted of a mixture of
Commercially available sodium silicate solution with a specific gravity of 1.53 and
an alkaline modulus ratio (Ms) equal to 2 (where Ms = SiO2/Na2O, Na2O = 14.7%,
SiO2 = 29.4% and 55.9% H2O by mass), and sodium hydroxide solution. A 15 M NaOH
solution was used for the manufacture of the FAGP and a 10 M NaOH solution used
for the AAS. The selection of two different molarity in sodium hydroxide solution is
dependent on the mix optimization based on 28-day compressive strength Both
coarse and fine aggregate were prepared in accordance with AS 1141.5 [31]. The
aggregate was in a saturated surface dry condition. The fine aggregate was river
sand in uncrushed form with a specific gravity of 2.5 and a fineness modulus of
3.0. The coarse aggregate was crushed granite aggregate of two-grain sizes:
7 mm, 2.58 specific gravity and 1.60% water absorption, and 10 mm, 2.62 specific
gravity and 0.74% water absorption. Demineralized water was used throughout
the experiment.
3.2. Mix proportions and specimen preparations

Mix proportions used in AAS and FAGP concretes were based on a previous
study, which is summarized in Table 3 [32]. The activator modulus (SiO2/Na2O in
alkaline activator) is fixed at 1.0 for both concretes while Na2O dosage (Na2O in
alkaline activator/FA) is fixed at 5% and 15% in the AAS and FAGP concretes, respec-
tively. The ratio of components, such as binder (GGBS or FA), alkaline activator,
aggregate and water, was calculated based on the absolute volume method [33].
The total aggregate in the concrete was kept to 64% of the entire mixture by volume
for all mixes. A water solid ratio (w/s) of 0.44 and 0.37 was used to prepare the AAS
and FAGP concrete, which gave a consistent workability in the mixing process. The
total liquid and solid content is shown in Table 3. The mass of water in the mix was
taken as the sum of mass of water contained in the sodium silicate, sodium hydrox-
ide and added water. The mass of solid is taken as the sum of binder (GGBS or FA),
the solids in the sodium silicate and the sodium hydroxide solution.

The mixing of concretes was carried out using a 120 liter concrete mixer. The
dry materials (GGBS or FA, fine aggregates and coarse aggregates) were mixed first
for 4 min. Then activator and water were added to the dry mix and mixed contin-
uously for another 8 min until the mixture was glossy and well combined. The mix-
ture was then poured into moulds and vibrated using a vibration table for 1 min to
remove air bubbles. After vibration both AAS and FAGP concrete specimens were
kept at room temperature (23 �C) for 1 day. The AAS specimens were demoulded,
water-cured (23 �C) for 6 days and kept at room temperature until being tested.
The FAGP specimens were heat-cured (80 �C) using dry oven for 24 h, the moulds
were removed from the oven and left to cool to room temperature before demould-
ing, and the samples were kept at room temperature until being tested.
3.3. Testing

The compressive strength test was performed by MTS machine with a loading
rate of 20 MPa/min according to AS 1012.9 [34]. The flexural and splitting tensile
strength tests were conducted to determine the tensile strength of concretes in
accordance with AS 1012.11 [35] and AS 1012.10 [36] respectively. The flexural ten-
sile strength test was carried out on a MTS machine with additional testing appara-
tus under a four point bending test with a loading rate of 1 MPa/min. The splitting
tensile strength test was performed on MTS machine equipped with splitting ten-
sile strength test equipment under a loading rate of 1.5 MPa/min. The elastic mod-
ulus was determined using Tecnotest concrete testing machine coupled with the
compressometer/extensometer with a loading rate of 0.25 MPa/s in accordance
with AS 1012.17 [37], and dry density was measured accordance with AS
1012.12.2 [38].

The ultrasonic pulse velocity test was conducted in accordance with ASTM C597
standard [39] using a portable ultrasonic non-destructive digital indicating tester
with a 54 kHz transducer. The water permeability tests were performed using the
Autoclam Permeability System. Water is admitted into the test area through a prim-
ing pump and the pressure inside is increased to 0.5 bar at the end of the priming.
The quantity of water flowing into the concrete is recorded every minute for dura-
tion of 15 min. The water absorption test was carried out in accordance with AS
1012.21 [40] standard to determine the immersed absorption. Immersed absorp-
tion (Ai) is the ratio (%) of the mass of water contained in a concrete specimen,
and was used to determine the water absorption of concrete specimens. The appar-
ent volume of permeable void (AVPV) percentage is also measured in accordance
with AS 1012.21 standard [40]. The specimens of 100 mm diameter � 200 mm long
cylinders were cut into four equal slices for both experiments and the result
reported is the average of the results for the four slices. All tests were conducted
at 28, 56, 90, 180, 360 and 540 days of casting. The reported test results in each
specific test for each concrete are an average of three samples.

The microstructure development was observed using scanning electron micro-
scopy (SEM) imaging employing backscatter electron detector with 15 eV of energy.
Energy dispersive X-ray spectroscopy (EDS) analysis was performed using Oxford
instruments nano-analysis software (AZtec 2.1) to determine the chemical compo-
sition of the reacted geopolymer. Specimens were cut using a diamond saw to a size
of 2–4 mm in height and 5–10 mm in diameter. The samples were subsequently
carbon coated and then mounted on the SEM sample stage with conductive,
double-sided carbon tape. A total of three samples were investigated for each
geopolymer concrete.



Table 1
Chemical composition.

Material By weight (%) Loss on Ignition (%)

SiO2 Al2O3 Fe2O3 CaO P2O5 TiO2 MgO K2O SO3 MnO Na2O

GGBS 36.9 14.2 0.3 36.0 0.4 0.6 5.1 0.1 6.1 0.4 0 0.3
FA 70.3 23.1 1.4 0.2 0.2 2.6 0.6 0.9 0.2 0 0.4 2.0

Table 2
Physical and mineralogical properties.

Properties investigated GGBS FA

Specific Gravity 2.85 2.12
BET Surface Area, (m2/kg) 3852 1876
Fineness (%) at 5 mm 20.9 22.7

at 10 mm 43.5 43.0
at 20 mm 71.9 63.0
at 45 mm 96.9 81.8
at 75 mm 100.0 91.2

Amorphous content (%) 71.7 66.3
Crystalline content (%) 28.3 33.7
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4. Experimental results

4.1. Mechanical properties

4.1.1. Density and compressive strength
The dry density and compressive strength development of AAS and FAGP con-

cretes between 28 and 540 days are displayed in Fig. 1(a and b). The dry density
of AAS and FAGP concretes ranged between 2453–2460 and 2302–2326 kg/m3,
respectively from 28 to 540 days. While the density of FAGP concrete is slightly
lower than PC concrete, which is characteristically cited as 2400 kg/m3 [41], the
AAS concrete was marginally higher compared to PC concrete. It is noted that both
concretes dsplay a less than 1% of densitly increase during the 28 and 540 days
period.

The AAS concrete had a higher compressive strength than FAGP concrete
throughout. The AAS achieved 39.5 MPa at 28 days, compared to an initial strength
of 22.4 MPa for the FAGP. However, the FAGP concrete gave an increase in strength
with time, achieving 33.2 MPa after 360 days, which then remains constant to
540 days. However, while the AAS concrete does display an increase in strength
to 41.6 MPa at 56 days no further increase is observed. Indeed a slight reduction
in strength is noted, 40.2 MPa at 180 days, though a strength above 40 MPa is main-
tained throughout the remaining period. Overall, whilst FAGP concrete displayed a
48.2% (10.2 MPa) compressive strength increase from 28 to 540 days, only a 2.3%
(0.9 MPa) strength development is observed for the AAS concrete in same period.
This indicates an ongoing geopolymerisation reaction in FAGP concrete following
the initial heat curing [42,43], while the same is not observed for the AAS.
4.1.2. Tensile strength
The flexural strength and splitting tensile strength development of AAS and

FAGP concretes between 28 and 540 days are shown in Fig. 2(a and b). Similar to
compressive strength development, the flexural strength of FAGP concrete tended
to increase with time. It ranged from 4.7 to 7.2 MPa between 28 and 365 days,
i.e. a 53.2% of flexural strength increase during this period. The AAS achieves a
6 MPa flexural strength at 28 days, compared to an initial flexural strength of
4.7 MPa for the FAGP. However, the AAS concrete shows a decrease in flexural
strength with time, achieving 5.2 MPa at 540 days, which is a 13.3% fall in strength.
It is noted that both FAGP and AAS concretes obtained similar flexural strength
(5.8 MPa) at 90 days. Subsequently, FAGP increased in flexural strength, while
AAS decreased, during the 90–540 day period. Overall the flexural strength of the
FAGP and AAS concrete ranged between 20–22% and 14–16% of the compressive
strength respectively, compared to a range of 9–12% typically cited for PC concrete
[11,24].
Table 3
Mix design details (kg/m3).

Concrete GGBS
(kg)

FA
(kg)

Aggregates (kg) Alkali Activator (kg)

Sand 7 mm 10 mm Na2SiO3

(Water)
Na2SiO3

(Solid)

AAS 415 – 784 346 693 40 31
FAGP – 409 686 303 606 114 90
On the other hand, both AAS and FAGP concretes show a lower splitting tensile
strength than corresponding flexural strengths as shown in Fig. 2. The splitting ten-
sile strength of FGAP concrete increased with time, from 2.1 to 4.1 MPa between 28
and 540 days, and varied from 9 to 12% of the compressive strength. The AAS
showed higher splitting tensile strength than FAGP concrete up to 90 days, but after
that FAGP showed a significant improvement compared to the AAS concrete and
achieved a 24.2% increase in splitting tensile strength at 540 days.

4.1.3. Elastic modulus
The modulus of elasticity development of AAS and FAGP concretes between 28

and 540 days are shown in Fig. 3. This property of concrete expresses the ratio
between a certain range of unit stress and unit elongation within the elastic limit.
A higher elastic modulus will represent a better quality of concrete specimen. The
elastic modulus of FAGP and AAS concretes ranged between 8022–15942 and
26768–15279 MPa, respectively over the 28 to 540 day period. The AAS achieves
a significantly high elastic modulus (26768 MPa) at 28 days, compared to an initial
elastic modulus of 8022 MPa for the FAGP concrete. It is worth noting that the data
again shows contrasting trends, with the FAGP concrete displaying an increase with
time, while the AAS concrete shows a decrease with time, such that by 540 days the
FAGP has a higher elastic modulus than the AAS concrete. The FAGP concrete has a
twofold increase of elastic modulus from 28 to 540 days, but AAS concrete shows a
43% decrease during this time interval.

4.2. Permeation properties

4.2.1. Water absorption and AVPV
The water absorption and AVPV of AAS and FAGP concretes are shown in Fig. 4(a

and b). The FAGP concrete had higher water absorption (7.75%) than AAS concrete
(4.79%) at 28 days. However, the long term data displays a reduction of water
absorption in FAGP to 6.82% at 360 days and to 6.74% at 540 days with an overall
decrease of 13% observed from 28 to 540 days. In PC concrete, a water absorption
greater than 5% is classified as high permeable concrete, while less than 3% is clas-
sified as low permeable concrete [44]. The FAGP concrete exceeded this upper limit
at all ages and behaved as high permeable concrete, which indicates a highly porous
external surface. The AAS concrete shows water absorption less than 5% in the first
90 days, but then exceeded this upper limit achieving 5.36% at 540 days. These
trends are consistent with those observed for the flexural strength and elastic mod-
ulus, indicating an improvement in density of the pore-structure for the FAGP over
the longer term, while also suggesting a reduction in density within the pore-
structure for the AAS concrete during this period.

The AVPV is a percentage of pore space such as capillary pores, gel pores and air
voids within the concrete. The trends observed were similar to water absorption for
both concretes, AVPV decreasing with time in FAGP, while AAS increases. In PC con-
crete an AVPV less than 13% is classified as good quality concrete, while greater
than 18% is classified as poor quality concrete [45]. It is noted that AAS concrete
at all ages were below this lower limit though it has an increase of AVPV with time,
indicating limited pore interconnectivity in their pore-structure. However, the
FAGP concrete had AVPV percentage between 13% and 15% at all ages.

4.2.2. Water permeability & UPV
The variation of water permeability index with time is shown in Fig. 5. In the

water permeability test, both capillary absorption and the applied pressure con-
tribute to the rate of water flow. The slope of the linear regression curve between
water flow and square root of time provides the corresponding water permeability
index [46], given in Fig. 6. The AAS concrete showed an increase of water permeabil-
ity index with age, but is classified as low water permeable concrete at all ages as
the WPI did not exceed 1.3 � 10�7 m3/

p
min [47]. The FAGP concrete had a signif-
Added Water
(kg)

Total Water
(kg)

Total Solid
(kg)

NaOH
(Water)

NaOH
(Solid)

29 17 136 205 463
80 49 10 204 548
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icantly higher water permeability index than AAS up to 90 days and was well above
the minimum limit of low water permeable concrete [47]. However, it dramatically
decreased by 180 days and further reduced at later ages, having a lower value than
AAS concrete at 360 and 540 days. This is again consistent with on-going geopoly-
merization and in agreement with the corresponding UPV and strength data.

Fig. 6 shows the ultrasonic pulse velocity (UPV) changes with the age of AAS and
FAGP concrete. Generally, the pulse velocity values represents the uniformity and
the presence of defects in the microstructure and pore-structure, such as voids
and cracks [48], which directly influence to the permeation properties of concrete.
The FAGP concrete displays an increase of UPV with age while AAS has a fall from
3.91 to 3.62 between 28 and 540 days. The standard pulse velocity of PC concrete
generally falls in the range 3.5 to 4.5 km/s [49], which can be categorized as being
in good condition which implies that the concrete is free from any large voids or
cracks that may affect the long term structural reliability. It is interesting to note
that while AAS shows a decrease of UPV with time, all the data points are well
above the 3.5 km/s. The FAGP concrete is identified as poor quality concrete with
UPV values below 3 km/s [50] at 56 days, however it obtained a value of 3.5 km/s
of UPV by 540 days.

Overall the data from the permeability properties would further suggest ongo-
ing geopolymerization and concurrent gel formation resulting in a denser
microstructure and pore-structure for FAGP concrete over the 540 days. However,
the permeation properties would suggest that there is no improvement in the
AAS concrete beyond 90 days, with even a slight deterioration observed.
5. Discussion

5.1. Microstrucre

The microstructural development of FAGP concrete at 28, 56,
90, 180, 360 and 540 days is displayed in the SEM images in
Fig. 7. A non-uniform, heterogeneous aluminosilicate gel matrix
with a numbers of unreacted/partially reacted FA particles was
observed in the microstructure at 28 and 56 days. This was com-
prised of unreacted fly ash particles that were separated from the
geopolymeric binder, indicating weak adhesion between the gel
and the particles. In addition there were also partially dissolved
particles embedded in the precipitated gel. The unreacted/partially
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reacted FA particles behave as composites. These composites and
the interface between them and the geopolymer matrix is hypoth-
esized as an area of weakness and thus has a significant bearing on
the overall strength of the concrete [51]. Moreover micro cracks
were distributed throughout the gel matrix. It was noted that more
cracks and greater crack widths were observed in the 28 and
56 day specimens compared to those at latter ages. The occurrence
of these micro cracks was most likely due to evaporation of the
water and self-desiccation during the heat curing stage. Further-
more, the raw FA contains 2% unburnt carbon, Table 1. The unburnt
carbon acts as an inert particulate in the gel matrix, which can sup-
port the crack propagation. It is hypothesized that a combination of
the unreacted FA particles coupled with the presence of the micro
cracks resulted in the initial lower compressive strength of FAGP.

It is understood that the Si/Al (atomic) ratio determines the
structure of the geopolymer backbone [52,53]. In this study, Si/Al
ratio of FAGP concrete ranged between 4.27 and 3.41 over the
28–540 days period. As such, the geopolymer structure was
inferred to be polysialate–disiloxo (Si–O–Al–O–Si–O–Si–O). In
FAGP concrete, the Si/Al ratio decreased with age indicating an
on-going geopolymerization process beyond the 90 day time per-
iod, with continuous gel formation along with incorporation of alu-
mina into the silicate backbone.

The FAGP microstructure shows a decrease in the number of
unreacted particles at 360 and 540 days, further substantiating
the indication that there has been some additional geopolymeriza-
tion and gel formation. The SEM indicated the gel had diffused
through the surface covering and coalescing the remaining par-
tially reacted FA spheres together. The gel was also observed to fill
the interior voids, resulting in the formation of a semi-
homogeneous, but highly compacted dense microstructure at
540 days.

The decrease in the Si/Al ratio coupled with this semi-
homogeneous and compact microstructure observed is hypothe-
sized as the reason that the FAGP had a significantly improved per-
formance at a later age, compared to the initial 90 days period.

The microstructural development of AAS concrete is displayed
in Fig. 8. A fairly uniform, but heterogeneous gel matrix can be seen
at 28 days. Most of the slag grains have been partially dissolved by
the alkali solution, forming a C-S-H gel with the silica from the
activator solution. Moreover, several small micro cracks had been
formed on the surface of the unreacted/partially reacted slag
grains. This is attributed to a rapid reaction between slag and alka-
line activator in the initial period [23,25]. The microstructural
development observed shows that in the period from 28 to 90 days
additional C-S-H gel, due to the dissolution of remaining unre-
acted/partially reacted slag grains, with significantly less unre-
acted/partially reacted grains being observed at 90 days. This
resulted in formation of densely packed microstrucre at 90 days.
Whilst this matrix contains fewer micro cracks compared to those
observed at 28 days, the width of the cracks at the interface of C-S-
H gel and partially reacted slag particles is wider. The formation of
micro-cracks at the slag grain/aggregate interface has also been
reported by Collins and Sanjayan [25].
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It is noted that there is a significant discrepancy of AAS
microstructure before and after 90 days. The uniformity and den-
sity of the gel matrix drastically reduced between 90 and 180 days,
and a less compacted, loosely packed gel matrix was formed at
180 days. It is hypothesized that as the reaction continued it pro-
duces additional C-S-H gel which led to the formation of wider
cracks at 180 days. These cracks were seen to further increase at
360 and 540 days. This is attributed to the combined effect of dis-
joining pressure and the self-desiccation effect. This resulted in for-
mation of less dense small gel units, as observed at 360 and 540,
days rather than an interconnected dense gel matrix, as produced
in the initial 90 days.

Data demonstrated in this study is consistent with those
reported by literature [19,20,54] up to first 90 days. This improve-
ment continues in similar manner up to 540 days. In contrast, the
AAS concrete shows better initial performance than FAGP concrete,
with some increase in performance, other than elastic modulus, up
to 90 days, which is in agreement with literature [23,32]. However,
it is noted that over the longer term data (360 and 540 days) the
AAS concrete shows a reduction in engineering properties, which
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commenced post 90 days. The contradictory behaviour is reflected
in the changes observed in their microstructure between 90 and
540 days, Figs. 7 and 8.
5.2. Tensile strength and elastic modulus

The tensile strength (i.e. flexural and splitting strength) of FAGP
and AAS concrete is strongly dependent on the gel-aggregate bond
strength. The gel-aggregate zone is critical because it is known to
have a different microstructure from the bulk of hardened gel paste
and the interface is also considered as the specific location of early
cracking. This is primarily caused by incomplete packing of unre-
acted fly ash/slag grains in the transition between the gel paste
and coarse aggregates as the gel formation is strongly dependent
on the degree of alkali reactivity of fly ash/slag particles. In this
study, both fly ash and slag contain approximately similar amor-
phous content, Table 2, which is an important factor for alkali dis-
solution and gel precipitation [55,56]. However, recent research
[54,57,58] has shown that it is not only the total amorphous con-
tent but also the distribution of this in the fly ash/slag grains that
influences the dissolution process and variances in microstructure
formation. On the other hand, the elastic modulus of FAGP and AAS
concrete is affected by the modulus of aggregate and gel paste.
FAGP concrete had a less compacted heterogeneous microstructure
up to 90 days. However, beyond 90 days the microstructure was
significantly denser, consistent with continuing dissolution and
gel formation increasing the physical solidity. The improvement
in the gel-microstructure, as well the gel-aggregate interfacial zone
is hypothesized as the reason for the observed improved elastic
modulus and tensile strength development in FAGP concrete
between 28 and 540 days. Conversely, the AAS concrete had a
dense gel matrix with less micro cracks in the first 90 days, but
these were observed to increase over time. This propagation of
the cracks and the associated reduction of packing density of the
gel matrix is hypothesized as the cause the lack of development
in the compressive and tensile strength, as well the significant fall
of elastic modulus over time.
5.3. Transport properties

The reaction products and the packing density are crucial in
determining the water absorption. Water absorption is primarily
governed by the capillary suction. Capillary suction is governed
by the connectivity of the concrete surface to the bulk concrete
via the pores in the gel paste. The FAGP concrete however dis-
played a high AVPV percentage, which is also dependent on the
interconnectivity of the capillaries in the concrete. The FAGP con-
crete also displayed high water permeability characteristics at
90 days, but it significantly reduced with time and behaved as
low permeable concrete at 360 and 540 days. In the water perme-
ability test, the applied pressure is the principal driver of water
ingress rather than capillary suction, and this would give an indi-
cation about the overall image of pore-structure throughout the
concrete specimen. This reduction in water permeability with time
is attributed to the development of sodium-aluminosilicate gel
during the on-going geopolymerisation process. The additional
gel fills the interface between the geopolymer pastes and the
aggregates, and reduces the volume of the pore-structure leading
to a denser the microstructure, as reflected in the increase of
UPV values over time.

It is noted that AAS concrete had lower permeation characteris-
tics than FAGP up to 90 days. However, a considerable increase of
water absorption, interconnectivity of pore-structure and water
permeability in AAS concrete is observed after 90 days, which cor-
relates with its microstructural changes. The increase in crack
widths observed in the gel matrix, Fig. 8, would lead to an increase
in the permeation characteristics at later ages.

5.4. Comparison

The overall trends observed for the mechanical and permeation
properties show that the FAGP concrete is behaving in a similar
manor to PC concrete, where the engineering properties improve
with time. The AAS concrete, however, does not follow these trends
with no increase in performance beyond 90 days, and a slight
decrease actually observed in a number of these properties. In
addition to the mechanical properties the long term durability of
AAS and FAGP concrete is dependent upon the permeability char-
acteristics of concrete which is associated with the ability of the
surface layer to resist the penetration of water, carbon dioxide
and water-borne chlorides into the concrete and initiate reinforce-
ment corrosion. The rate of this is a function of the packing density
of C-S-H/aluminosilicate gel matrix, the porosity and the connec-
tivity of the pore structure. The data obtained up to 540 days sug-
gests that FAGP concrete improves resistance to water permeation
with age due to on-going geopolymerization and give a perfor-
mance comparable with PC and blended cement concretes. Thus
while the AAS concrete shows significantly greater compressive,
tensile and flexural strength, coupled with a higher modulus of
elasticity and lower water absorption, AVPV and water permeabil-
ity in the initial 90 days and while the overall performance com-
pared with similar strength PC concrete remains good, by
540 days only the compressive strength remains above the FAGP
concrete, and the water absorption and AVPV lower, with the mod-
ulus of elasticity similar and the flexural strength less and the
water permeability higher than that of the FAGP.

6. Summary and conclusions

The compressive strength, flexural strength, splitting tensile
strength, elastic modulus, water absorption, pore-
interconnectivity and water permeability for AAS and FAGP con-
cretes were studied experimentally up to 540 days. The principal
conclusions from the work presented are:

� Compressive strength of FAGP and AAS concretes ranged
between 22.2–33.2 MPa and 39.5–40.4 MPa from 28 to
540 days, respectively. The order of �48% and �2% strength
increase is observed in two concretes, respectively during this
period.

� FAGP concrete showed�53% flexural strength increase between
28 and 540 days, compared to the �13% decrease in AAS con-
crete. Moreover, FAGP concrete achieved a twofold splitting
tensile strength evolution during this time while AAS remained
constant throughout.

� AAS showed significantly higher early stiffness (i.e. elastic mod-
ulus) than FAGP concrete in the first 90 days. However, the elas-
tic modulus of AAS concrete drastically reduced with time and
displayed �43% drop from 28 to 540 days, opposed to that of
FAGP which had a �98% increase in the same period.

� FAGP concrete had a higher water permeability index than AAS
in the first 90 days, but significantly reduced with the age. The
water permeability of the AAS increased with time, but was
classified as low permeable concrete over the entire testing
period.

� The combined effect of disjoining pressure and self-desiccation
due to the on-going reaction and C–S–H gel formation causing
the propagation of wider cracks in microstructure, is hypothe-
sized as the reason for the reduction in engineering perfor-
mance observed for the AAS concrete over the long term.
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� The increase of in the packing density of the aluminosilicate gel
matrix is hypothesized as positively influencing the elastic
modulus and strength development in FAGP concrete observed
between 90 and 540 days.
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