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Abstract

Geopolymers are aluminosilicate materials formed by mixing by-product materials with
alkaline solutions, and which have several desirable properties compared to Portland cement
concrete in terms of strength and durability. Most of the previous research on steel fibre
reinforced geopolymer concrete (SFRGC) has focused on the properties of single or binary
mixes hardened under heat curing conditions, which is a severe limitation for on-site, cast-in-
place applications. In the current study, a novel plain and steel fibre reinforced geopolymer
concrete (SFRGC), containing various types of commercial Silica Fume (SF) (densified,
undensified and slurry silica fume) and varying Ground Granulated Blast Furnace Slag (GGBS)
content in a ternary binder mixture, cured under ambient (room) temperature has been
examined. An extensive experimental investigation was conducted to evaluate the fresh
properties, mechanical characteristics and microstructure of the examined material. The
experimental results indicate that the mechanical characteristics of all the examined mixes are
enhanced by increasing the GGBS content, in both plain and steel fibre reinforced geopolymer
concrete. Geopolymer concrete with undensified silica fume showed better mechanical
strength compared to that with densified and slurry SF, due to the agglomeration and ineffective
dispersion of the latter fume types. SEM microstructural observations and porosity
measurements were also conducted. The results indicate that the inclusion of silica fume and
increasing GGBS content leads to higher pozzolanic activity and pore infilling, providing
relatively homogeneous, compact and dense microstructures and subsequently improved
mechanical properties.

1. Introduction.

With growing pressure on concrete industries to reduce their greenhouse gas emissions,
it has become increasingly important to find alternative binders to ordinary Portland cement
(OPC). Geopolymer concretes are produced by mixing industrial aluminosilicate waste
materials such as fly ash, GGBS and metakaolin with an alkaline solution, and have been the
focus of much research as effective, more environmentally-friendly, construction materials [1].
It has been estimated that full replacement of OPC by geopolymer materials could generate an
80% reduction in carbon dioxide emissions compared to standard industrial cement, and a
significant reduction in the consumption of primary raw materials [2-4].

Fly Ash (FA) is a by-product material collected from coal-fired power plants. Low-
calcium_FA (Class F) has been found to be a suitable material for geopolymer production and
can be used as an effective Portland cement replacement because of its wide availability, useful



silica (SiO2) and alumina-based composition, and reduced water demand [5, 6]. Most previous
studies on FA-based geopolymer cured at ambient temperature highlight, however, its
relatively poor early strength development due to a slow polymerisation process [1, 7, 8]. Some
of the main parameters affecting the potential reactivity of FA include the vitreous phase
content, reactive silica content, and the particle size distribution [9-11]. Therefore, researchers
have attempted to enhance the reactivity of FA-based geopolymer by reducing the FA particle
size, or by adding quantities of calcium-containing materials to react with the fly ash particles.
Inclusion of GGBS as source of calcium together with FA in a binary mix has been
investigated, with favourable results [6]. The inclusion of ultra-fine particles of amorphous
silica, or Silica Fume (SF), which are available commercially in various forms depending on
the material handling techniques (i.e. as densified, undensified and water-based slurries), has
been shown to improve the mechanical properties of both high performance and conventional
concretes [12], and may also provide a reactive silica source for improved geopolymer
performance. The addition of silica fume during the production of high strength concrete (HSC)
has also been observed to improve interfacial cement paste—aggregates bonding, which is the
weakest zone in the matrix [13-15], and is discussed further below in relation to fibre-
reinforcement.

While a number of studies have been published on the performance of binary fly
ash/slag-based geopolymer mixes cured under ambient temperature [4, 10, 16, 17], and in most
cases promising results have been achieved, in general the geopolymer literature has focused
on use of heat curing to harden and strengthen geopolymer materials. The effect of curing time
(1- 48 hrs) and curing temperature (21 °C - 90 °C) on the properties of geopolymer concretes
has been examined in previous studies [18, 19], which indicates that 70% of the mechanical
strength of the geopolymer is developed within the first 12 hrs of the curing process [20], and
that optimum strength can be achieved by curing at temperatures ranging from 40 °C to 80 °C
for at least 6 hrs [21, 22] . Hardjito and Rangan [19] found that higher curing temperature leads
to improvements in compressive strength. However, based on this study [19], raising curing
temperature above 60 °C did not considerable affect compressive strength development.
Elevated temperature treatment however is somewhat counter to the concept of geopolymer
concrete as a sustainable material, as heat curing leads to increased energy consumption in
order to attain the required curing temperature, with subsequent additional cost, and also limits
in situ applications [23]. There are number of parameters influence the energy cost and
resulting CO2 emissions for heat curing such as curing process, climate weather (summer or
winter), curing temperature and time, and the most important parameter is the energy source
used for heat treatment system, e.g. electricity, solid fuel or thermal energy [24]. As an
example, the operation of a commercial walk-in curing oven normally uses electricity at 43
kilowatt (KW) per cubic meter of concrete, which, applying a typical UK electricity cost of
approximately 10.5 pence per KWh, would give an average energy consumption cost (for 6-
24 hour curing) of £ (25-110)/m?® material, based on the curing time. The cost-saving produced
by ambient temperature curing, along with reduced CO2 emissions (depending on the energy
source used) and simplification of the manufacturing process for cast-in-place applications, is
a major driver in development of ambient-temperature cured geopolymer materials.



Despite the potential advantages of geopolymer application, using pozzolanic materials
such as FA and GGBS as a replacement for conventional OPC can also cause deterioration in
some key mechanical properties. For example, use of these materials can increase brittleness,
and cause development of cracks over time due to plastic shrinkage in the pre-hardened state
as well as drying shrinkage in hardened concrete [25]. These cracks reduce the material
durability and subsequently its service life. Limiting brittleness and crack propagation, while
at the same time improving the early strength and reactivity of geopolymer materials, is
therefore of key importance for the development of effective geopolymer materials which can
be cured or produced under ambient (i.e. on-site) temperatures. It is well-known that brittleness
and cracking effects can be mitigated by the addition of fibre reinforcements into the matrix,
which control the propagation or coalescence of cracks [26], and reduce the tendency for brittle
material failure. Steel fibres are commonly used for reinforcing conventional concretes in this
way, and are manufactured from cold-drawn wire, steel sheet and other forms of steel [27]. The
main improvements in the engineering properties of the concrete following inclusion of fibres
are strain hardening after the peak load, fracture toughness, and resistance to fatigue and
thermal shock [27]. A number of authors have examined the mechanical and durability
properties of fibre reinforced geopolymer concrete, but to date most of the published work
focuses on fibre reinforced geopolymer concrete cured under elevated temperatures, which
again limits the application of this material to precast elements [28-32]. Bernal et al. [33]
reported the mechanical and durability performance of alkali-activated slag containing steel
fibre. Their results indicated that incorporation of steel fibre considerably improved flexural
strength and material durability characteristics. However, the compressive strength of the
material reduced with steel fibre incorporation. Aydin and Baradan [32] examined the effect of
steel fibre volume fraction and aspect ratio on the mechanical properties of slag and silica fume-
based geopolymer subject to steam curing at 100 °C for 12 hrs. Their results showed that
mechanical properties were considerably improved by increasing the steel fibre length and
volume fraction in the geopolymer mixes. Natali et al. [34] investigated the flexural
performance of slag and metakaolin-based fibre reinforced geopolymer concrete cured in a
humid atmosphere and containing four types of fibres: carbon; E-glass; polyvinyl alcohol
(PVA); and polyvinyl chloride (PVC). They concluded that all fibre types, and especially
carbon and PVA, lead to improvement in flexural strength and post cracking behaviour.
However, Puertas et al.[35] studied the effect of polypropylene fibre inclusion on the properties
of different alkali-activated cement composites. Their results showed that incorporation of
polypropylene fibres did not positively impact the mechanical behaviour of alkali-activated
mortars. These authors also highlighted that the nature of the geopolymer matrix is a crucial
parameter in the strength development of fibre reinforced geopolymers.

In summary, while a number of authors have examined the development and
performance of fibre reinforced geopolymer concrete [33, 36], the published literature focuses
on geopolymer materials hardened under heat curing conditions with single/ binary geopolymer
binders. To date, there is no published study examining the fresh properties, and mechanical
and microstructural characteristics, of plain and steel fibre reinforced geopolymer concrete
(SFRGC) cured under ambient temperatures, in a ternary binder mixture. Previous
experimental results have shown that the addition of fibres in geopolymer mixes cured under



ambient temperature is relatively ineffective due to the poor bond between the geopolymer
matrix and the fibres [37, 38]. The current study aims to address these limitations, by
developing a fibre reinforced, ambient-temperature cured, ternary-blend geopolymer concrete
which uses silica fume to improve fibre-matrix interfacial bond properties, and which is
appropriate for in-situ applications.

In the present study, various types of silica fume have been used together with FA and
GGBS for the production of a ternary geopolymer matrix with improved early strength and
interfacial bonding properties. Potassium silicate has been used as an alkaline solution in order
to provide sustainable and user-friendly characteristics while steel fibres have been used as the
main reinforcement. Extensive experimental investigations have been conducted to examine
the influence of GGBS content and variant silica fume (SF) forms on the characteristics of
ambient temperature-cured SFRGC, and the main findings validated through Scanning
Electronic Microscopy (SEM) analysis.

2 Experimental Program.
2.1 Materials

FA category S [39], GGBS and SF were used in the current study as the geopolymer
binder, and silica sand (particle size less than 0.5 mm) was used as an aggregate. The chemical
properties of the FA, GGBS and silica sand have been presented in detail in a previous study
[2]. A 2% volume fraction of straight steel fibres with a length of 13mm and 0.16mm diameter
was used as the fibre reinforcement (Table 1). For the alkaline activator, a combination of
potassium hydroxide with potassium silicate solution was used [1].

2.2 Characterization of Silica Fume.

Various types of silica fume with different physical properties were utilised in this study
(Table 2). The densities and specific gravity for all silica fume forms as received from the
manufacturer are shown in Table 2. The particle size distribution was determined via laser
diffraction particle size analysis (Fig. 1 and Table 3).

Table 3 shows the mean particle size (d(0.5)), and d(0.1) and d(0.9) (the particle sizes
where 10% and 90% of the sample population are smaller than this size). The aqueous
suspension (slurry) with a dry silica fume content of 50% by mass (SSF) showed the smallest
mean particle size followed by undensified silica fume (USF) and finally densified silica fume
(DSF). These results are due to particle agglomeration during the production and packaging
procedure of the silica fume.

2.3 Experimental methodology.

Thirty two different mixes (Table 4) were prepared to evaluate the effect of GGBS
content and SF particle size distribution on the mechanical behaviour of plain geopolymer and



steel-fibre reinforced geopolymer (SFRGC). Partial replacement (10% by weight) of FA with
dry silica fume (densified silica, undensified silica) was examined in samples with the suffix
“DSF” or “USF”, whereas 5% of FA content was replaced in samples containing slurry silica
fume (samples with the suffix “SSF”’). GGBS was also added at varying GGBS to binder
weight ratios, of 10%, 20%, 30% and 40% (samples with prefix 10S, 20S, 30S and 40S
respectively), while steel fibre was added at 2% volume fraction. Reference geopolymer mortar
specimens with similar GGBS to binder weight ratios of 10%, 20%, 30% and 40%, with silica
fume but without steel fibre (ST) were prepared as controls, to allow assessment of the impact
of ST on material performance.

2.4 Mix preparation and testing.

All geopolymer mortars were mixed using a 5 litre Hobart mixer. Potassium silicate
solution with modulus equal to 1.25 was used an alkaline activator following the procedure
described in a previous study [1, 40]. For mortar mixtures with dry powder silica fume
(Densified and Undensified), the liquid phase was prepared in advance by mixing potassium
silicate solution with water and superplasticizer for 5 minutes prior to mixing with the solid
phase. The binder powder materials (FA, GGBS, and SF) were dry mixed for 5 minutes and
then the liquid phase was added and the mixer run for another 5 minutes. After that, steel fibres
were gradually added after sieving through an appropriate steel mesh at the top of the mixer,
in order to ensure uniform fibre dispersion in the geopolymer mix._Finally, sand was added to
the mixer, and the mixer was run for another 3 minutes to give a total mixing time of 13
minutes. In the case of mixes with slurry silica, the mixing step was slightly different, with the
sand added to the mix prior to the slurry silica. This revised mixing procedure was necessary
to avoid flash setting, as the high reactivity of the slurry silica can lead to gelation of the
geopolymer binder without sand.

The fresh geopolymer was immediately cast into moulds. After 24 hours, all specimens were
covered with plastic film after de-moulding in order to prevent water evaporation and then they
were stored at ambient temperature (21-23°C). The fresh properties of the geopolymer mortar
were examined via setting time and workability analysis. The initial and final setting times of
plain geopolymer mortars without steel fibres were measured using a vicat needle according to
EN 480-2:2006 [41]. Setting time tests were conducted under room temperature (21-23 °C).
Flow tests were undertaken immediately at the end of the mixing based on ASTM C230 [42]

(Fig.2).

Compressive and direct tensile tests were carried out to evaluate the strength characteristics of
hardened plain and steel fibre reinforced geopolymer composites. Compressive strength tests
were conducted according to ASTM C109 [43], using a compression machine (Avery Denison
7227) with a capacity of 2000 KN and a constant loading rate of 45 KN per minute. Three
cubic specimens with 50 mm sides were used to determine compressive strength for each
curing age, specifically after 3, 7, 14 and 28 days. Direct tensile strength was also determined
to evaluate the effect of silica fume forms and GGBS content on the behaviour of SFRGC



under tension. An Instron testing machine was used for the direct tensile tests and the tests were
performed under displacement control with a rate of 0.4 mm/min [44]. For each mixture, twelve
‘dog bone’ shaped specimens with mid-cross section dimensions of 13 mm X 50 mm were cast
and cured under ambient temperatures (Fig. 3a). The average extension was measured using
Linear Variable displacement Transducers (LVDT) attached to a steel frame, as shown in
Fig.3b.

Sample porosity was measured through the vacuum saturation technique, as reported in
previous studies [45, 46]. Porosity tests were carried out on at least two cylindrical samples (20
mm X 50 mm) for each mixture. Specimen microstructure was assessed by SEM. Primary
material particles (i.e. FA, silica fume and GGBS) and plain geopolymer and SFRGC samples
(taken post-failure from 28 day cured samples used in tensile strength testing) were carbon
sputter coated prior to analysis.

3 Results and discussion.
3.1  Fresh characteristics of geopolymer mortar

Flow tests results are presented in Fig. 4. Based on these results, the workability of the
mixes is considerably affected by the geopolymer binder composition (Fig. 4). As the GGBS
content is increased from 10% to 40%, the slump of the geopolymer mortar is reduced from
250mm to 175mm. This reduction in workability is attributed to the enhanced reactivity of the
FA - GGBS mix, and in particular the rapid reaction between the geopolymer binder and the
alkaline solution (potassium silicate). The incorporation of ultra-fine silica fume (USF and
SSF) in the mixtures also reduces the workability compared with the respective control
geopolymer mixtures (without silica fume). Since very fine silica fume particles have large
effective surface area, they rapidly absorb water and thus the workability of the geopolymer
mortar is reduced.

It is also evident from the results presented in Fig. 4 that both initial and final setting time are
considerably reduced as the GGBS content is increased from 10% to 40%. This is attributed to
the increment in CaO content, which is the main chemical component of GGBS, and the
subsequent acceleration of hydration reactions. The incorporation of silica fume in the mixture
also affects both initial and final setting time for all the examined mixtures. The initial and final
setting times were reduced when undensified (USF) and slurry silica fume (SSF) were added
to the mix (a trend seen most clearly in the lower GGBS content samples). This reduction is
related to the finer particle size and higher surface area of the USF and SSF compared to
densified silica fume (DSF), which accelerates the geopolymerization process and hardening
of the geopolymer mortar.

3.2 Mechanical Properties
3.2.1 Porosity

The results of the porosity measurements are presented in Fig. 5, and show a clear
reduction of porosity values as the GGBS content is increased. The reaction of GGBS with FA
causes formation of more hydration products, which leads to a denser matrix.



The inclusion of silica fume plays an important role in controlling the porosity of geopolymer
mortar with low % GGBS content. The total porosity of geopolymer mortar containing
undensified and slurry silica fume particles is considerably lower than the control mixture
(without silica fume) for the 10S mixture. However, this effect is not observed in mixes with
higher GGBS content. The increment of the GGBS content in the geopolymer binder from 10%
to 40% leads to an improvement of geopolymer matrix reactivity which is sufficient to reduce
the effect of inclusion of undensified and slurry silica fumes on the total porosity. As noted
above, inclusion of GGBS as highly pozzolanic material increases the geopolymerization
products and produces a denser matrix. In contrast, the results clearly indicate that the total
porosity of the geopolymer mortar is increased with inclusion of larger particle sizes of silica
fume (DSF), for all mixes. The total porosity of the 10s mixture decreases from 30% to 23.5%
and 25.31% with the addition of USF and SSF, while it increases to 31.2% using DSF.
Therefore while the use of undensified and slurry silica tends to reduce porosity, as they
compact the matrix by filling pore spaces and improving reactivity and bonding at the
geopolymer paste-silica sand interfacial zone [13, 14], densified silica fume (which is much
coarser) has a much lower reactivity, negative pore filling effect, and subsequently causes
increased porosity.

3.2.2 Compressive strength test

The compressive strengths of each plain geopolymer mix with different GGBS
replacement content and silica fume forms at 3, 7 and 28 days are shown in Fig. 6, while the
respective results for steel fibre reinforced mixes are presented in Fig. 7 and Fig. 8.

The compressive strength of plain geopolymer mortar increased with increasing GGBS
content for all mixtures (Fig. 6), at both early and late stage curing. This improvement in
strength is due to an increase in calcium content in the mixture, which leads to a compacted
microstructure (see also section 3.2.1).

Utilization of densified silica fume negatively affected compressive strength at all
curing ages (Fig. 6). Inclusion of Undensified (USF) and slurry (SSF) silica fume however
enhanced the compressive strength, by 50%-74%, 17.4%-18.6%, 66.4%-50.2%, and 56.7%-
16.3% for 10S, 20S, 30S and 40S mixtures, respectively. This improvement in the compressive
strength relates to the fine particle sizes of undensified (USF) and slurry (SSF) silica, with high
specific surface area leading to acceleration of the geopolymerization of aluminosilicate gel,
which in turn leads to high early strength gain and compacts the matrix structure by filling pore
spaces. In contrast, the agglomerated particles of densified (DSF) silica fume have larger size
and lower pozzolanic activity, leading to a more porous microstructure (see above) and loss of
strength. The dispersion of silica into smaller primary particle sizes or the smallest
agglomerates possible is a crucial parameter for further improvement of the compressive
strength.

Addition of steel fibres to the geopolymer samples had a clear impact on compressive
strength development in the geopolymer (Fig. 7 and Fig. 8). Steel fibre addition reduced the



compressive strength of the lower strength geopolymer matrix with 10% and 20% of GGBS to
binder weight ratios. At higher GGBS content however the compressive strength of SFRGC
was significantly improved compared to the respective mixes without steel fibres. The low
strength values observed for SFRGC mixes with lower GGBS content are apparent from early
curing ages onwards, and reflect reduced pozzolanic activity (and reactivity) and lower reaction
product formation, which weakens the interfacial bonds between the steel fibre and the
geopolymer matrix. The small scatter in the results confirms the uniform dispersion of the steel
fibre in the geopolymer mixture.

When considering the effect of silica fume form, the compressive strength of steel fibre
reinforced geopolymer composites with incorporated silica fume was equivalent to or higher
than the plain geopolymer with the exception of samples with very low GGBS content (10%
GGBS, Fig. 8). Inclusion of silica fume in the SFRGC mixture with 20% GGBS content
increased the compressive strength by 18%, 9% and 5% for DSF, USF and SSF, respectively.
However, the compressive strength is reduced by 8% for the 20% GGBS mixture without silica
fume. At high GGBS content, the compressive strength of the steel fibre reinforced geopolymer
composite with USF showed the highest recorded strength value at around 63 MPa (40%
GGBS mixture), and SFRGC samples containing USF showed the largest and most consistent
increase in compressive strength over the control SFRGC (i.e. without added silica fume).

3.2.3 Direct tensile test

The tensile stress-strain behaviours for the plain and steel fibre reinforced geopolymer
composite mixtures with varying GGBS contents are shown in Fig. 9 and Fig.10.

Based on the observed stress-strain relationships, the geopolymer binder composition
and the addition of steel fibre significantly affects the tensile behaviour of the samples. The
geopolymer binder composition (GGBS content) impacts on the precracking behaviour
(elastic) part of the graphs and the extent to which this ensures effective transfer of stress to
the fibres. The linear part is followed by the non-linear plastic state which is a function of the
postcrack behaviour at the steel fibre and geopolymer matrix interface. The geopolymer
concrete reaches the peak load through non-linear strain-hardening followed by strain softening
once micro-cracking increases. The addition of steel fibres in the geopolymer composite
considerably improves the post-crack load carrying capacity due to the reinforcing effect of the
steel fibres in all examined mixtures which leads to change in the failure mode from fragile
(i.e. sudden failure) to ductile failure, due to the bridging effect of the fibres and reduced crack
coalescence.

The results show that the peak stress and post crack behaviour of SFRGC mixtures with
low GGBS content were poor due to weak bonding between the low strength geopolymer
matrix and the steel fibres. However, as GGBS content was increased in all the examined
mixtures, the post crack carrying capacity was improved (Fig. 10). This is due to higher GGBS
content increasing reaction products such as CSH, CASH and NASH [1], which in turn
strengthens the interfacial transition zone with the steel fibres within the geopolymer matrix.



In order to evaluate the effect of silica fume particle size distribution on the tensile
performance of steel fibre reinforced geopolymer, stress strain results of the examined mixtures
with different silica fume forms for all GGBS contents are presented in Fig.11.

Incorporation of silica fume improves the load carrying capacity, although this effect is most
marked in samples with lower GGBS content (10% and 20%) (See Fig. 11 a and b). This is due
to replacement of relatively low reactivity material (FA) by highly pozzolanic material (silica
fume) in the binder which accelerates the geopolymerization process, and enhances the bond
between the matrix and the steel fibres, increasing the energy requirements for the fracture
process. This improvement is less marked at higher GGBS contents, where increased GGBS
amounts act to enhance the pozzolanic activity and reactivity, reducing the impact of silica
fume addition. The influence of silica fume depends on particle size, and the finer silica fume
(USF) is more capable of filling pores and producing a more dense geopolymer matrix.
However, the ultra fine silica (SSF) has lower tensile strength than USF, possibly due to
accelerated agglomeration of this very reactive material during the mechanical mixing of the
initial material.

The effect of curing age was also investigated in order to evaluate the evolution of
tensile strength and stress-strain behaviour of SFRGC mixtures under ambient temperature
curing (Listed in Table 5 and Fig. 12).

The results indicate that curing time plays a major role in the strength development of
steel fibre reinforced geopolymer concrete cured under ambient temperature. The data in Table
5 indicate that increasing the curing time gives higher strength compared to the respective
values at early age for all geopolymer mixtures (see Fig.12 for all GGBS content mixtures of
SFRGC with USF as an example). The tensile strengths for samples cured under ambient
temperature at the age of 3days for 10S, 20S, 30S and 40S mixes were 0.2 MPa, 0.3 MPa, 0.54
MPa and 0.96 MPa, respectively. For a curing duration of 7 days, the strengths were 0.3 MPa,
0.6 MPa, 0.58 MPa and 1.35 MPa and for a curing duration of 28 days, the strengths were
0.6MPa, 1.36 MPa, 2 MPa and 2.8 MPa respectively. Fig. 12 indicates that curing time also
significantly effects the stress-strain relationships of SFRGC. At early ages, the stress-strain
relationship of SFRGC mixtures with low GGBS content is lower than the stress-strain
relationship for high GGBS content mixtures. However, at later curing ages the stress-strain
behaviour improved for all examined mixtures. The mixtures with high percentages of low
pozzolanic reactive (FA) material require more time in order to produce more
geopolymerization products, increase the compressive strength of the geopolymer matrix, and
improve the bond between the steel fibre and geopolymer matrix.

3.2.3.1 Tensile stress-strain characteristics of SFRGC with varying slag content and
silica fume forms.

In the tensile stress-strain model, the main parameters are the tensile strength, the modulus of
elasticity, fracture energy, and the shape of stress-strain curve. To examine the effect of
geopolymer binder composition on the tensile performance of SFRGC specimens more fully,



the experimental tensile response could be fitted quite accurately to a bi-linear curve showing
an initial cracking point and ultimate strength point. It has been suggested that the bi-linear
relationship is a sufficient approximation to determine the most important stress-strain
parameters for practical engineering applications [47], which reflect the mechanism of the
interaction between the varying composition geopolymer matrix and the steel fibres (showing
the initial cracking point with matrix cracking, and maximum loading point with slip of fibres)
(Fig. 13).

The points defined in Fig. 13 are determined from the experimental tensile stress strain
results at first cracking and at ultimate flexural tensile strength, where 61, 62 and E are the first
crack and ultimate tensile strength and modulus of elasticity of fibre reinforced geopolymer
concrete (in MPa), respectively, and &1 and ez represent the strain at first crack and ultimate
stress.

The tensile response of SFRGC should exhibit linear elasticity up to the first cracking
point, followed by nonlinear behaviour up to the maximum post cracking stress (Fig. 13). Two
stages of steel fibre response before destruction under tension loading are defined, the first
stage representing the stress distribution during the elastic range before first cracking E, and
the second stage corresponding to the post-cracking modulus Ecr. These parameters were
calculated from the stress-strain curves (Fig. 10 and Fig. 11) and the results are presented in Table
6, Fig. 14 and Fig. 15.

As can be seen from these results, the Young’s modulus of elasticity significantly
changes with the binary and ternary binder composition of the geopolymer mixture. As slag
content increases in the geopolymer mixture, the first cracking modulus of SFRGC mixtures
also increases. The first cracking modulus of SFRGC mixtures increased by 120%, 300%, and
500% for 20S-ST, 30S-ST, 40S-ST mixtures, respectively, compared with the elastic modulus
of the respective 10S-ST mixture (Table 6 and Fig. 16). Similarly, the results indicated that the
post cracking modulus strength significantly increased with increasing slag content in the
geopolymer mixture. The post cracking modulus increased from 140 MPa for 10S-ST mixture
to 200 MPa, 350 MPa, and 1000 MPa for 20S-ST, 30S-ST, and 40S-ST mixtures, respectively
(Table 6). This increment in the first cracking and post cracking modulus with slag content in
the SFRGC mixtures shows development of strain hardening behaviour under tension. This
trend is confirmed by the post cracking tensile strain, which increased from 0.0013 to 0.0027
by increasing slag content in the geopolymer mixture from 10% to 40%. This increment in the
first cracking and post cracking modulus is due to the strength improvement of the geopolymer
matrix with higher slag content, leading to an enhanced interfacial bond between the steel fibre
and the geopolymer matrix.

Inclusion of silica fume in the geopolymer matrix composition also effects the linear
stage of the stress strain curve: the first cracking modulus of the 10S-ST mixture increased by
11%, 50% and 100% with utilization of DSF, USF and SSF, respectively (Fig. 16). However
this trend is not apparent at higher slag contents, as inclusion of SSF in the mixture reduced the
elastic modulus, and USF incorporation tended to result in the most consistent improvement in
elastic modulus values. The modulus of elasticity of the 30S-ST mixture increased from 8000
MPa to 8500 MPa, 10625 MPa, and 7500 MPa for ternary SFRGC mixtures containing DSF,
USF, and SSF, respectively (Fig. 16). Moreover, the post cracking strain capacity improved in
the 30S-ST mixture from 0.0016 to 0.002 and 0.0025 for 10DSF, and 10USF, respectively



(Table 6). The highest values of first and post cracking modulus of elasticity in SFRGC were
found for the 40S-10USF-ST mixture, at 15400 MPa and 1125 MPa, respectively.

Based on the data listed in Table 6, the post cracking tensile strength increased with
increasing slag content. From these results, the average tensile strength was increased by 100%,
250% and 340% for 20S-ST, 30S-ST and 40S-ST mixtures, respectively, compared with the
respective value for the 10S-ST mixture. Combining slag with silica fume had differing effects
on the tensile behaviour of SFRGC depending on the silica fume particle size distribution and
slag content. The tensile strengths of 20% and 40% slag mixtures with 0% SF, 10% DSF, 10%
USF and 5% SSF were 1.36 MPa, 1.46 MPa, 2.4 MPa, 1.6 MPa and 2.8 MPa, 2.8 MPa, 3.1
MPa, 2.3 MPa, respectively. Steel fibre reinforced geopolymer composites incorporating
undensified silica fume showed the highest post cracking tensile strength for all slag content
mixtures.

The energy absorption capacity represents the area under the stress-strain curve of the
SFRGC up to 2% strain capacity after appearance of cracking (Fig. 17). The results indicate
that increasing the percentage of slag content in the geopolymer matrix generally increases the
energy absorption capacity. In addition, the inclusion of different silica fume forms influences
the energy absorption capacity, with the sample containing undensified silica fume giving the
highest energy absorption, at 40% slag content. The results also show that inclusion of slurry
silica fume in the 10% slag content mixture gave markedly superior energy absorption capacity
than other forms of silica at this low slag content. This behaviour may be a result of the impact
of fine-grained SSF on pozzolanic activity, enhancing the bond between the matrix and the
steel fibres at lower slag contents. Despite this, Figs. 14, 16 and 17 and other tensile testing
data (e.g. Fig.11, Table 5 and related discussion) indicate that USF incorporation overall tends
to produce materials with the most improved tensile performance.

3.3 Scanning electronic microscopy (SEM)

Scanning electronic microscopy imaging was carried out to examine the microscopic
characteristics of the geopolymer binder materials, and the effect of GGBS content and silica
fume forms on the microstructure of the geopolymer samples. SEM imaging of the primary
materials (Fig. 18) showed that FA and silica fume particles generally consist of spherical and
near-spherical primary particles (Fig.18a and 18c); larger agglomerates of silica fume particles
are formed in densified silica fume (Fig.18d) while GGBS (Fig.18b) consists dominantly of
mixed size angular particles.

To evaluate the effect of GGBS content on sample microstructure, two geopolymer
mortars with 10% and 40% slag replacement content were examined after 28-days curing
under ambient temperature (Fig. 19).

Fig. 19 shows the area on a surface of 10S and 40S mixtures at various magnifications
(x10000 and x20000). A high number of remaining FA particles, which were only partially
reacted, and agglomerated slag particles were detected in the case of the 10S mix (Fig. 19a).
This is attributed to the low pozzolanic reactivity of FA with low slag content cured under
ambient temperature. At higher magnification, the geopolymer sample with high slag content
(40S mixture) (Fig.19 (c and d)) shows different microstructures, which form a denser matrix



than the 10S mixture. Glassy crusts covering FA particles can be observed, as a result of
reactions on the surface of the particles (Fig.19d). As the percentage of GGBS is increased a
higher calcium content in the mix is produced, and subsequently a calcium alumino-silicate
hydrate (C—A—S—H) gel is created.

In order to compare the microstructures of geopolymer mortars with different
incorporated silica fume forms, four geopolymer mortar mixtures were prepared by replacing
FA with 10% DSF, 10% USF and 5% SSF. These were imaged with a control mortar mixture
with 10% Slag (without silica fume, Fig. 20).

Inclusion of silica fume had varying effects on sample microstructure. The texture of
the hydration products of the geopolymer mortar with DSF was visibly different from samples
with USF and SSF. For 10%DSF (Fig. 20a) the observed SEM image shows no significant
difference from the control mix at x10000 magnification (Fig. 20a), as the large densified silica
fume particles cause lower packing and lower the pozzolanic activity of the silica fume. At
higher magnification (x20000), the micrographs show that the geopolymerization products of
the mixtures containing smaller particle sizes of silica fume (for undensified (37pum) and slurry
silica (200nm)) consisted of well-connected structures, and compacted formations of hydration
products were observed. In addition to acting as a physical filler in the matrix structure, silica
fume acts as a source of high (85%-95%) reactive silica content leading to formation of more
calcium alumino-silicate hydrate (C-S-A-H) gels which co-exist with sodium alumina-silicate
hydrate (N-A-S-H) [48]. This is also indicated by quantitative porosity results, as total porosity
of the 10% slag replacement mixture considerably reduced from 30 to 23-25% by inclusion of
USF and SSF. These reductions in total porosity indicate an increase in the matrix density, and
also improve the compressive strength of the geopolymer mortar.

SEM imaging of the steel fibre-geopolymer matrix interface and fibre surface texture
were also conducted in order to assess the effect of the SFRGC microstructural characteristics
on mechanical performance. SEM images of steel fibre reinforced geopolymer for 10S-10USF-
2ST, 40S-10DSF-2ST and 40S-10USF-2ST mixtures are shown in Fig. 21. These samples were
taken from specimens which had failed during tensile testing, and were collected from regions
of the specimens adjacent to failure planes.

As can be observed from Fig. 21, the steel fibre surface is considerably effected by the
geopolymer matrix composition. Increasing the slag content and inclusion of silica fume leads
to enhanced interfacial properties. A relatively smooth steel fibre surface is seen in the
geopolymer mixture containing 10% slag content (Fig. 21a). Conversely the high slag (40%)
content samples show the steel fibre surface covered with geopolymer matrix (Fig. 21b). In
addition, the inclusion of different forms of silica fume in the geopolymer composite effects
the steel fibre-matrix contact, which is evidenced by the presence of more hydration production
on the steel surface in the case of USF geopolymer mixtures (Fig. 21c). These hydration
products create a stronger bond at the interface between the matrix and the steel fibres, and
resist pull-out failure of the examined specimens, which leads to an increase in the ultimate
load and increases sample ductility by improving the carrying capacity in the post cracking
stage. These enhanced interfacial properties have a direct effect on the tensile strength
characteristics, in agreement with the mechanical testing results presented in Section 3.2.



4 Conclusions

Novel cement-free geopolymer composites, reinforced with steel fibres and cured under
ambient temperatures, have been developed in this study. The present study investigated the
fresh, hardened and microstructural properties of plain geopolymer mortar and SFRGC, using
a ternary geopolymer blend. Thirty two geopolymer mixtures were used to examine the effect
of (a) varying slag contents, and (b) varying silica fume forms on engineering performance.
The following conclusions can be drawn from the results presented in this paper:

4.1 Fresh geopolymer mortar characteristics.

1.

Increasing the slag content in the FA and slag based geopolymer mortar
decreases the workability and accelerates the setting times (initial and final) and
mortar hardening.

The inclusion of silica fume in the geopolymer mortar has various effects on the
flow characteristics of FA and slag based geopolymer mortar. In the case of
undensified and slurry silica, the workability and setting time were considerably
reduced. This is attributed to the instantaneous interactions between the very
fine silica particles and the alkaline solution, and the formation of a gel
characterised by high water retention capacities. The addition of densified silica
fume did not significantly affect workability.

4.2 Hardened geopolymer mortar and SFRGC characteristics.

1.

The compressive strength of plain geopolymer mortar and SFRGC was increased
as the slag content was increased and with the age of the specimens.

Ternary geopolymer mixtures based on combined use of silica fume, GGBS and FA
show a notable improvement in the rate of strength development of plain and
SFRGC over control binary mixtures containing GGBS and FA.

Utilisation of USF and SSF considerably improved the compressive strength of
plain geopolymer and SFRGC. However, DSF showed less effect or lower
compressive strength than control binary GGBS and FA mixtures. Moreover, these
effects are more pronounced at lower slag content rather than at higher slag content.
The Young’s modulus and ultimate tensile strength improved with increasing slag
content in the SFRGC mixtures. Moreover, the inclusion of USF and SSF improved
the tensile strength of SFRGC, with the 40S-USF mixture showing the highest
tensile strength value of around 3.1 MPa.

Post cracking behaviour and energy absorption capacity was considerably improved
by increasing the slag content and inclusion of fine particle sizes of silica fume
(USF).

Overall, increasing the curing time considerably improved the compressive, tensile
and post cracking behaviour of SFRGC cured under ambient temperature.

4.3 Microstructural properties.

1.

Microstructural observation by SEM and porosity results confirm that the
incorporation of slag and silica fume as a partial FA replacement in geopolymer



mortars densified the microstructure, leading to an improvement in mechanical
strength.

2. A relatively good bond between the matrix and the steel fibres was also evidenced
by the presence of geopolymer hydration products on the surface of the steel fibres
in specimens with high slag content and USF.

The findings of the current research show that use of binary geopolymer mixes (FA and GGBS)
improved both the mechanical strength and the microstructure of geopolymer materials.
Moreover, higher strength with a more compacted microstructure was achieved by utilizing
silica fume in a ternary geopolymer blend, in the absence of heat curing treatment, which makes
the proposed method potentially suitable for in situ applications. Further studies should
investigate the effect of silica fume forms on the rate of strength development at late states of
the geopolymerization process, and also the potential role of ultra-fine silica fume in increasing
chloride resistance and improving material durability._It is noted that various fibre types could
be utilized to generate strain hardening cementitious materials [36, 49]. However, due to the
large number of geopolymer matrix composition mixtures assessed in this study, the discussion
here is limited to (2%volume fraction) steel fibres. Further investigations on sustainable strain
hardening geopolymer concretes could usefully assess the performance enhancements given
by alternative fibres, such as glass fibre, Polyvinyl Alcohol (PVA) fibre, and Carbon fibre.
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List of Tables

Table 1: Properties of steel fibre

Length Diameter Aspect Density Tensile  Elastic Image
(Ls) (df) ratio  (g/cm®) strength  modulus

(mm) (mm) (L¢/ds) fi(MPa) Es(GPa)
13 0.16 81.25 7.9 2500 200

Table 2: Bulk density of silica fume types (as received from the manufacturer)
Bulk density (kg/m®)

Undensified silica (USF) 130-430
Slurry silica (SSF) 1320-1440
Densified silica (DSF) 480-720
Surface area (BET) (m?/kg) 13,000-30,000
Specific gravity 2.22

Table 3: Particle size analysis data for densified silica fume (DSF), undensified silica fume
(USF) and slurry silica (SSF).

Particle Size (um) DSF USF SSF
d(0.1) 36.4 4.3 0.1
d(0.5) 203.6 37.1 0.3

d(0.9) 428.8 126.7 15




Table 4. Mixture proportioning of the plain geopolymer mortar and SFRGC used in the
present study. See text for discussion of mixture ID notation.

- Silica :
i Slag Silica fume Slag Fly Ash  Steel Fibre

Mixture 1D 0 e (@m3y o (Kgmd) (V)
10S/10S-ST -- 78 0 698 0/ 2%
10S-10DSF/10S-10DSF-ST 10% densified 78 78 620 0/ 2%
10S-10USF/ 10S-10USF-ST undensified 78 78 620 0/ 2%
10S-5SSF/ 10S-10SSF-ST slurry 78 39 659 0/ 2%
20S/20S-ST -- 155 0 620 0/ 2%
20S-10DSF/20S-10DSF-ST 20% densified 155 78 543 0/ 2%
20S-10USF/ 20S-10USF-ST undensified 155 78 543 0/ 2%
20S-5SSF/ 20S-10SSF-ST slurry 155 39 581 0/ 2%
30S/30S-ST -- 233 0 543 0/ 2%
30S-10DSF/30S-10DSF-ST 30% densified 233 78 465 0/ 2%
30S-10USF/ 30S-10USF-ST undensified 233 78 465 0/ 2%
30S-5SSF/ 30S-10SSF-ST slurry 233 39 504 0/ 2%
40S/40S-ST -- 310 0 465 0/ 2%
40S-10DSF/40S-10DSF-ST 40% densified 310 78 388 0/ 2%
40S-10USF/ 40S-10USF-ST undensified 310 78 388 0/ 2%
40S-5SSF/ 40S-10SSF-ST slurry 310 39 426 0/ 2%

Table 5: Tensile Strength of steel fibre reinforced geopolymer concrete over curing age

Mix No. Tensile Strength (MPa)
3days 7days 14days 28days

10S-ST 0.22 0.30 0.54 0.60
10S-10DSF-ST nm nm 0.65 0.96
10S-10USF-ST 0.36 0.41 1.15 2
10S-10SSF-ST 0.42 1.92 2.14 2.22

20S-ST 0.33 0.61 0.69 1.36
20S-10DSF-ST nm 0.27 nm 1.46
20S-10USF-ST 0.59 0.94 1.32 2.39
20S-10SSF-ST 0.25 0.51 0.65 1.60

30S-ST 0.54 0.58 1.64 2
30S-10DSF-ST 0.34 1.05 NA 2.20
30S-10USF-ST 0.589 1.33 1.75 2.60
30S-10SSF-ST 0.51 0.81 1.12 1.40

40S-ST 0.96 1.35 nm 2.80
40S-10DSF-ST 0.424 1.406 1.70 2.80
40S-10USF-ST 1.10 1.43 2 3.10
40S-10SSF-ST 1.30 1.60 1.67 2.30

*nm; not measured, due to failure to test in target date



Table 6: Tensile test results

First cracking  Post cracking  Tensile strain  First cracking Post-cracking

Mix ID strength (MPa) strength (MPa) capacity modulus modulus Ecr

E (MPa) (MPa)
10S-ST 0.45 0.6 0.0013 2045 140
10S-10DSF-ST 0.8 0.96 0.0012 4000 160
10S-10USF-ST 1.6 2 0.0018 4000 290
10S-5SSF-ST 1.87 2.22 0.002 2600 185
20S-ST 0.75 1.36 0.002 4400 200
20S-10DSF-ST 1 1.46 0.0014 5500 300
20S-10USF-ST 1.75 2.4 0.002 8400 290
20S-5SSF-ST 1.26 1.6 0.0012 3400 340
30S-ST 1.6 2 0.0016 8000 350
30S-10DSF-ST 1.7 2.2 0.002 8500 275
30S-10USF-ST 1.7 2.6 0.0025 10625 385
30S-5SSF-ST 1.2 15 0.0012 7500 340
40S-ST 14 2.8 0.0027 11700 1000
40S-10DSF-ST 2 2.8 0.0027 11800 1025
40S-10USF-ST 2.3 3.1 0.0028 15400 1125

40S-5SSF-ST 1.65 2.3 0.0005 9100 4500




List of figures’ captions’

Fig. 1. Particle size distribution of (a) SSF, (b) DSF and USF, and (c) FA and GGBS.

Fig. 2. Flow table test as per ASTM C230 (a) before removal of flow mould, (b) immediately
after the removal of the flow mould, and (c) after 25 drops.

Fig. 3. (a) The geometry of FRGC specimen, and (b) direct tensile set up.

Fig. 4. The fresh properties of geopolymer mortar.

Fig. 5. Porosity (%) of fly ash/ slag based geopolymer mortar with variant forms of silica fume.
Fig. 6. The compressive strength of plain geopolymer mixes containing binary and ternary
mixes at 3 days, 7 days and 28 days curing at ambient temperatures. Error bars are shown for
n=3.

Fig. 7. The compressive strength of SFRGC mixes containing binary and ternary mixes at 3
days, 7 days and 28 days curing at ambient temperatures. Error bars are shown for n=3.

Fig. 8. Percentage increase in 28 days compressive strength of SFRGC over that of plain
geopolymer mortar.

Fig. 9. Stress-Strain relationship of plain geopolymer.

Fig. 10. Effect of slag content on the stress-strain curve of SFRGC.

Fig. 11. Stress-strain relationship of steel fibre reinforced of geopolymer composites: (a) shows
effect of variant silica fume forms on samples at 10% slag; (b) 20% slag; (c) 30% slag; and (d)
40% slag content.

Fig. 12. Tensile stress-strain curve of SFRGC mixture with USF at different slag contents:

(@) 10% slag, (b) 20% slag, (c) 30% slag and (d) 40% slag at 3 days, 7 days, 14 days and 28
days.

Fig. 13. Bi-linear stress-strain curve of SFRGC.

Fig. 14. Stress versus strain models for binary blended SFRGC mixtures with variant slag
content.

Fig. 15. Stress versus strain models for ternary blended SFRGC mixtures with various silica
fume types at different slag contents: (a) 10% slag, (b) 20% slag, (c¢) 30% slag and (d) 40%
slag.

Fig. 16. Elastic Modulus of steel fibre reinforced geopolymer concrete (SFRGC).

Fig. 17. Energy absorption capacity of SFRGC.

Fig. 18. SEM images of (a) Fly ash, (b) slag, (c) USF, and (d) DSF

Fig. 19. SEM analysis of 28days geopolymer mortar (a) 10S x10,000 magnification (b) 10S
x20,000 magnification (c) 40S x10,000 magnification and (d) 40S x20,000 magnification.



Fig. 20. SEM images of 10% slag replacement geopolymer mortar, after 28 days ambient
temperature curing, containing varying SF forms: (a) shows the control sample (no added
SF), (b) 10%DSF, (b) 10%USF, (c) 5% SSF.

Fig. 21. SEM micrographs of steel fibre reinforced geopolymer composite, imaged
perpendicular to the fracture surface following failure during tensile tests; 10S-2St (a), 40S-
10DSF-2ST (b) and 40S-10USFSF-2ST (c).
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