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Abstract: Geopolymer concrete is typically characterized by a brittle behavior and limited crack
resistance. This study evaluates the performance of ambient-cured slag-fly ash blended geopolymer
concrete reinforced with glass fibers. Two types of glass fibers were used exclusively or as a hybrid
combination. The workability of glass fiber-reinforced geopolymer concrete was assessed using
the slump, compaction factor, and vebe time. The compressive strength, splitting tensile strength,
and modulus of elasticity were used to characterize the mechanical properties, while water absorp-
tion, sorptivity, abrasion resistance, and ultrasonic pulse velocity were employed in evaluating the
durability. Experimental results showed that the slump and compaction factor decreased by up to
75% and 18%, respectively, with glass fiber addition but less significantly in mixes reinforced with
hybrid fiber combinations. Meanwhile, the vebe time increased by up to 43%. Hybrid glass fibers
led to superior mechanical and durability properties compared to plain mixes and those reinforced
with a single type of glass fiber, even at higher volume fractions. The compressive strength, splitting
tensile strength, and modulus of elasticity increased by up to 77%, 60%, and 85%, respectively. While
the water absorption decreased by up to 42%, the sorptivity, abrasion resistance, and ultrasonic pulse
velocity increased by up to 67%, 38%, and 280%, respectively. Analytical regression models were
established to predict the mechanical and durability characteristics of glass fiber-reinforced slag-fly
ash blended geopolymer concrete and were compared to those of design codes.
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1. Introduction

The consumption rate of concrete continues to increase, making it one of the most
expended construction materials globally. Concrete and its main component, cement, are
produced through the consumption of non-renewable natural resources and the emission of
greenhouse gases. The increasing demand for urban development will result in a gradual
increase in the consumption rate of concrete and, consequently, cement. According to
cement statistics [1], the production of cement reached around 3.27 billion metric tons in
2020 and is expected to increase to 4.4 billion metric tons in the next ten years. China, India,
and the United States account for annual cement production of 2.2 billion, 320 million,
and 102 million metric tons, respectively [2]. Such wide utilization of cement in concrete
could have an adverse long-term environmental impact. The production of 1 ton of cement
emits nearly an equal amount of carbon dioxide (CO,), thus contributing to 5-7% of the
total global CO, emissions [3,4]. Nevertheless, the total anthropogenic CO, emissions from
cement production could reach 10% in the near future. The emitted CO,, among other
greenhouse gases, is trapped in the atmosphere, resulting in an increase in global warming
and subsequent occurrence of natural disasters, such as storms, heatwaves, floods, and
droughts [5,6].

Several studies have addressed the utilization of supplementary materials in concrete,
such as fly ash, granulated blast furnace slag, silica fume, rice husk ash, and metakaolin,
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among others, as a partial replacement of cement in concrete to tackle its detrimental
environmental impact. However, the complete replacement of cement is a more sustainable
solution. Geopolymer technology is a promising technique to fully replace cement as the
sole binder in concrete. Geopolymer binders are formulated through the combination of
aluminosilicate materials and an alkaline activator solution. The properties of a geopolymer
binder mainly depend on the characteristics of the aluminosilicate used, the composition of
the alkaline activator, and the curing regime adopted [7-13]. Compared to cementitious
binders, geopolymers have presented superior performance, including higher acid and
fire resistance, better bond, lower alkali-aggregate expansion, and improved sulfate and
corrosion resistance [2,14-17]. However, one of its major drawbacks is that it has lower
resistance to cracking and high brittleness, exceeding that of conventional cement-based
concrete [18].

The inclusion of fiber reinforcement in geopolymer concrete promises to improve
its overall performance significantly and alleviate its drawbacks, i.e., brittle behavior
and limited crack resistance. Carbon fibers (CF) have shown to improve the mechanical
properties of geopolymer composites, including compressive strength, impact resistance,
hardness, toughness, elastic modulus, and flexural strength [19-22]. Furthermore, steel
fibers (SF) have been used on several occasions [23]. Medljy et al. [23] investigated the
effect of SF inclusion on the mechanical properties of alkali-activated slag-fly ash blended
concrete. It was concluded that the addition of SF had an adverse effect on the workability
but a significant enhancement in the mechanical properties and durability. Few studies
have investigated the effect of utilizing a hybrid combination of fibers. In two studies, the
performance of slag-fly ash blended geopolymer was enhanced by utilizing single and
hybrid SF [24,25]. Results revealed that hybridization of SF up to a certain dosage led to
superior mechanical properties compared to those with a single type of fiber.

While various studies have focused on utilizing SF in geopolymer concrete, others
have evaluated the effect of other types of fibers on the performance of geopolymer concrete.
Several research works have focused on utilizing glass fibers (GF) in fly ash based geopoly-
mer concrete [26-30]. Kumar et al. [28] evaluated the effect of SF and GF on the mechanical
performance of geopolymer concrete. It was revealed that increasing the amount of GF
enhanced the mechanical properties but to a lesser extent than SF. Lakshmi and Rao [29]
evaluated the properties of fly ash based geopolymer concrete incorporating GF. Results
showed that the addition of GF of up to 3%, by volume, enhanced the mechanical properties.
However, a further increase in GF volume fraction resulted in a reduction in strength. In
another work, the addition of GF decreased the geopolymer concrete workability, enhanced
its mechanical properties, and slightly improved its durability [28,29]. Furthermore, Vijai
et al. [30] investigated the effect of GF on slag-fly ash cement blended geopolymer concrete.
Results revealed that the addition of 0.03% GF volume fraction led to superior strengths.
Summarizing the literature, it is clear that GF have the potential to improve the properties
of geopolymer concrete. However, it seems that the effect of GF on the mechanical and
durability properties of a geopolymer concrete made with slag and fly ash has not been
examined. In addition, the impact of hybridizing GF has not been evaluated.

Accordingly, this paper aims to evaluate the fresh and hardened properties of slag-fly
ash blended geopolymer concrete reinforced with GF. Two different types of GF were used,
namely 24 and 43 mm long (A and B) at three volume fractions (0.5%, 1.0%, and 1.5%). The
two types of GF were added into the geopolymer concrete mix either exclusively or in a
hybrid combination with A-to-B ratios of 3:1, 1:1, and 1:3 and at a volume fraction of 1.0%.
Slag and fly ash were blended in a 3:1 ratio to form the binding material to eliminate the
need for heat curing and reduce shrinkage cracks associated with fly ash- and slag-based
geopolymers, respectively. The slump, compaction factor, vebe time, compressive strength,
splitting tensile strength, modulus of elasticity, water absorption, sorptivity, abrasion
resistance, and ultrasonic pulse velocity were employed in evaluating the performance
of the geopolymer concrete. Analytical regression models were proposed to correlate
the mechanical and durability properties among each other and were compared to those
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developed in past literature and design codes. This work provides novel fundamental data
on the material characteristics that are essential for industry practitioners and researchers to
understand the behavior of slag-fly ash blended geopolymer concrete structures reinforced
with single and hybrid glass fibers.

2. Materials and Methods
2.1. Materials

The geopolymer binding materials included ground granulated blast furnace slag
(referred to hereafter as slag) and fly ash. The slag was locally sourced from Emirates
Cement Company, Al Ain, United Arab Emirates, while the fly ash was from Ashtech Ltd,
Abu Dhabi, United Arab Emirates. Table 1 summarizes the chemical composition of the
as-received materials. Slag was mainly composed of calcium oxide (CaO) and silica (SiO,),
while fly ash was made of silica (SiO;) and alumina (Al,O3). Their physical appearance
is illustrated in Figure 1. The morphologies of the as-received binding materials were
obtained through a JEOL JSM 6390A scanning electron microscopy (SEM), Tokyo, Japan,
as shown in Figure 2. Furthermore, the main components present in slag and fly ash
were quartz and mullite, as illustrated in the X-ray diffraction (XRD) spectra presented in
Figure 3 and obtained using a Malvern Panalytical XRD, Malvern, United Kingdom. Their
gradation curves, depicted in Figure 4, show that the particle sizes of slag and fly ash were
in the ranges of 2-80 and 0.2—40 um.

Table 1. Chemical composition and physical properties of the as-received materials.

Material (%)

Oxide Compound
Slag Fly Ash Dune Sand
CaO 42.0 3.3 14.1
Si0O, 34.7 48.0 64.9
ALOs 144 23.1 3.0
MgO 6.9 15 13
Fe, O3 0.8 12.5 0.7
Loss in ignition 1.1 1.1 0.0
Others 1.1 10.5 16.0
Physical Properties

Blaine fineness 4250 3680 117

(em~/g)
Uniformity coefficient 2.86 9.10 1.47
Curvature coefficient 0.71 1.45 1.09
Specific gravity 2.70 232 2.77

(b) (c)

Figure 1. Physical appearance of (a) slag, (b) fly ash, and (c) dune sand.
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Figure 2. SEM micrographs of (a) slag, (b) fly ash, and (c) dune sand.
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Figure 3. XRD spectrum of (a) slag, (b) fly ash, and (c) dune sand.
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Figure 4. Particle size distribution of (a) slag, (b) fly ash, and (c) dune sand.

Dune sand (Figure 1c) served as the fine aggregates in the geopolymer concrete mixes.
Its morphology, phase analysis, and particle size distribution, shown in Figures 2¢, 3c and 4c,
respectively, highlight the predominant presence of SiO; in the form of angular particles.
As shown in Table 1, it is characterized by a specific surface area of 117 cm? /g and specific
gravity of 2.77. Furthermore, natural crushed dolomitic limestone aggregates (NA), with
an NMS of 20 mm, were used as coarse aggregates. Their physical properties are presented
in Table 2. It is composed of 59% CaO, 32% MgO, 6% SiO,, 1.6% Al,O3, and 1.4% other
oxide compounds.

The alkaline activator solution was formulated by mixing sodium silicate (SS) and
sodium hydroxide (SH). The SS solution was grade N with a chemical composition of
26.3% Si0;, 10.3% NayO, and 63.4% H,O. The SH solution was prepared by dissolving
97% of pure SH flakes in a specific amount of water to attain molarity of 14 M, as recom-
mended in another work [35,36]. Furthermore, to maintain adequate fresh workability of
the geopolymer concrete, a polycarboxylic ether-based polymer-based superplasticizer (SP)
and additional water were incorporated into the mix. Two types of alkali-resistant glass
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(a)

fibers (GF) were used, Type A and B, as shown in Figure 5. They were sourced from Re-
forceTech [37]. Their physical properties, summarized in Table 3, feature a similar diameter,
Young’s modulus, specific gravity, and tensile strength, while their length and aspect ratio
were different. In this work, the use of the two types of fibers served to investigate the
effect of fiber length on the properties of slag-fly ash blended geopolymer concrete.

Table 2. Physical properties of natural aggregates (NA).

Physical Property, Unit Standard Test Value
Fineness modulus [31] 6.82
Water absorption, % [32] 0.20
Specific gravity [33] 2.82
Dry-rodded density, kg/m? [33] 1635
Los Angeles abrasion, % [34] 16.0
Specific surface area, cm?/ g [31] 2.49
Soundness (MgSQOy), % [34] 1.20

(b)

Figure 5. Glass fibers with lengths of (a) 24 and (b) 43 mm.

Table 3. Properties of the glass fibers.

Property, Unit Type A Type B
Length, mm 24 43
Diameter, mm 0.7 0.7
Aspect ratio 35 62

Tensile strength, MPa >1000 >1000
Young’s modulus, GPa 42 42
Specific gravity 2.0 2.0

2.2. Mixture Proportioning

The mixture proportions of the geopolymer concrete mixes are presented in Table 4.
The control mix (AOBOGFO0.0) was designed to attain a cube compressive strength (f,)
of 30 MPa and a slump of 150 mm. The remaining mixes had similar proportions to
the control mix while varying the GF volume fraction, type, and combinations. The
total binder consisted of slag and fly ash blended at a 3:1 ratio. Previous work reported
that this blend possessed superior performance over others, owing to the coexistence of
calcium aluminosilicate hydrate (C-A-5-H) and sodium aluminosilicate hydrate (N-A-S-H)
gels [2,15,35]. Furthermore, such a blend is intended to eliminate the heat curing associated
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with fly ash based geopolymer and reduce shrinkage that occurs from the alkali-activated
slag concrete. Dune sand content, coarse aggregates content, SS-to-SH ratio, SH molarity,
and SP content were fixed for all mixes at 725 kg/ m3, 1210 kg/ m3,1.5,14 M, and 7.5 kg/ m3
(2.5% of binder mass), respectively. The additional water content of 75 kg/m> was added
to all mixes to enhance the workability, as recommended in past studies [38—41]. Two types
of GF, Type A and B, were utilized in the geopolymer concrete mixes at various volume
fractions, including 0.5%, 1.0%, and 1.5%. Hybrid combinations of GF, consisting of blends
of both types of GF (A and B), were utilized in the mix at a volume fraction of 1%. Three
different A:B ratios were explored, namely 3:1, 1:1, and 1:3. Preliminary test results showed
that mixes made with a hybrid GF combination 1:1 at a volume fraction of 1.0% had similar
compressive and splitting tensile strengths as counterparts made with 1.5% GF, by volume.
However, the latter had significantly lower workability. For this reason, a volume fraction
of 1% was selected for hybrid mixes.

Table 4. Mixture proportions of geopolymer concrete mixes (kg/m?).

Binder Coarse AAS Glass Fibers
Group Mix Designation Sl Fly Dune Sand 5 ggregates s sH SP  Water Proportions .
8 Ash (A:B) A
Control AO0BOGF0.0.0 225 75 725 1210 9 66 75 75 0:0 0.0
A100BOGEFO0.5 225 75 725 1210 9 66 75 75 1:0 0.5
A A100BOGF1.0 225 75 725 1210 9 66 75 75 1:0 1.0
A100BOGF1.5 225 75 725 1210 9 66 75 75 1:0 1.5
AO0B100GF0.5 225 75 725 1210 9 66 75 75 0:1 0.5
B AO0B100GF1.0 225 75 725 1210 9 66 75 75 0:1 1.0
AO0B100GFO0.5 225 75 725 1210 9 66 75 75 0:1 1.5
A25B75GF1.0 225 75 725 1210 9 66 75 75 31 1.0
C A50B50GF1.0 225 75 725 1210 9 66 75 75 1:1 1.0
A75B25GF1.0 225 75 725 1210 9 66 75 75 1:3 1.0

2.3. Sample Preparation

The geopolymer concrete mixes were prepared and cast under ambient laboratory
conditions with a temperature and relative humidity of 23 4= 2 °C and 50 % 5%, respectively.
At first, the SH flakes were mixed with a specific amount of water to attain an SH solution
molarity of 14 M. After the SH solution reached room temperature, the SS was mixed with
the SH solution. The heat generated from the newly formed AAS was allowed to dissipate
overnight. The AAS was then mixed with the additional water and SP prior to casting and
gradually poured onto the dry ingredients, i.e., slag, fly ash, coarse aggregates, and dune
sand, and mixed for an additional three minutes to attain a homogeneous and uniform
concrete mix. Subsequently, the fresh geopolymer concrete was cast into 100 mm cubes and
100 x 200 mm (diameter X height) cylinders and compact-vibrated on a vibrating table
for a duration of 10 s. The geopolymer samples were then covered with a plastic sheet
for 24 h, demolded, and left at ambient conditions until testing age. Figure 6 shows the
casting procedure.
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Figure 6. Casting of geopolymer concrete samples.

2.4. Performance Evaluation
2.4.1. Fresh and Physical Properties

The slump test was carried out to evaluate the effect of different GF types, volume
fractions, and combinations on the workability of the slag-fly ash blended geopolymer
concrete mixes. It was conducted on fresh concrete in accordance with ASTM C143 [42]. In
addition, the fresh and 28-day hardened concrete densities were determined according to
ASTM C138 [43] and ASTM C642 [44], respectively.

The compactability of slag-fly ash blended geopolymer concrete was evaluated through
a compaction factor test, in accordance with BS 1993: Part 103 [45]. Fresh concrete was
allowed to pass through two conical hoppers under its own weight, after which it was
dropped into a cylindrical mold. The weight of the cylinder filled with concrete was mea-
sured (i.e., uncompacted mass). Subsequently, the cylinder was compact-vibrated on a
vibrating table and weighed again (i.e., compacted mass). The compaction factor is the ratio
of the uncompacted mass of the cylinder to its compacted mass. The higher the compaction
factor, the better the compactability of the mix.

The behavior of fresh slag-fly ash blended geopolymer concrete during vibration
was evaluated by the vebe time test. The test was conducted in accordance with BS EN
12350-1 [46], where the consistency of fresh concrete was measured in seconds. The time
needed for the plate disc to be fully in contact with the concrete is considered as vebe time
in seconds. The shorter the time taken, the more consistent the concrete mix.

2.4.2. Mechanical Properties

The cube (f-;,) and cylinder compressive strength (f'c) of slag-fly ash blended geopoly-
mer concrete was determined using a Wykeham Ferrance machine with a loading capacity
of 2000 kN in accordance with BS EN 12390-3 [47] and ASTM C39 [48], respectively. An
axial load was applied at a loading rate of 7 kN/sec. The cube compressive strengths of
geopolymer concrete mixes were obtained at 1, 7, and 28 days, while the cylinder com-
pressive strength was obtained at 28 days only. For each test, three samples were tested
per mix to obtain an average. Figure 7a shows a geopolymer concrete specimen during
compressive strength testing.
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Figure 7. Geopolymer concrete specimen during (a) compressive and (b) splitting tensile

strength testing.

In addition, experimental stress—strain curves were developed to obtain the peak stress,
peak strain, and modulus of elasticity E., according to ASTM C469 [49]. A compression
load cell with 500 kN capacity was used to record the applied load. Two 60 mm long strain
gauges were attached vertically at mid-height and diametrically opposite points of the
cylinder circumference to record the axial strains. The load cell and strain gauges were
connected to a data acquisition system to obtain the stress—strain response. The modulus of
elasticity, E., was obtained as the slope of the chord connecting the stress corresponding
to 40% of the ultimate stress (S;) and the corresponding stress of a strain of 0.00005 (S1).
Equation (1) was employed in determining the modulus of elasticity of the glass fiber
reinforced slag-fly ash blended geopolymer concrete mixes. The average of three samples
was taken per mix to represent E.

S5 —51
Ee= €5 — 0.00005 )

The splitting tensile strength (fs) of 28-day slag-fly ash blended geopolymer concrete
was determined in accordance with ASTM C496 [50]. The load was applied across the
entire length of the specimen at a loading rate of 1 kN/sec. Cylinders of 100 mm diameter
and 200 mm height were used. Triplicate specimens were tested per mix to find the average,
as shown in Figure 7b.

2.4.3. Durability Properties

The water absorption of 28-day concrete mixes was evaluated in accordance with
ASTM C642 [44]. Concrete disc specimens of 100 mm diameter and 50 mm height were
employed. The oven-dried mass was obtained by placing the specimen in an oven at 105 °C
for 24 h until a mass change of less than 0.5% was achieved. Afterward, the oven-dried
specimens were immersed in water for another 24 h, after which the saturated surface-dry
(SSD) mass was recorded. Triplicate samples were tested per mix. The water absorption
was calculated using Equation (2).

Water absorption (%) = SSD mas(s)‘(lizl_;r;);/j:;ig)mass () x 100% 2)
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The rate of absorption, i.e., sorptivity, was measured on 28-day disc specimens, similar
to those used in the water absorption test, as per ASTM C1585 [51]. Three specimens were
tested for each mix to find the average. The circumference of the top surface of the specimen
was sealed with adhesive tape to allow water to penetrate from the bottom side only and
to avoid evaporation. The mass of the disc concrete specimens was recorded at 1, 5, 10,
15, 20, 30, and 60 min and after every hour up to 6 h. The rate of absorption was obtained
using Equation (3). The absorption rate against the square root of time was plotted, and the
slope of the best-fit line was identified as the initial rate of water absorption (mm/ 05 ), i.e.,
sorptivity.

Change in mass at time t (g)

®)

Rate of Absorption, I (mm) = 5
Exposed area (mm~) x density of water (g/ mm3)

The resistance of 28-day slag-fly ash blended geopolymer concrete to friction and
abrasive actions was evaluated using the Los Angeles (LA) abrasion test. This is an
indicative measure of the durability of so-produced concrete [52]. The test was conducted
according to the procedure of ASTM C1747 [53]. Three replicates of disc specimens of
100 mm diameter and 50 mm height were tested. The mass of the disc specimen was
recorded prior the starting the test and after every 100 revolutions up to 500 revolutions.
Equation (4) was used in obtaining the mass loss of samples.

Mass Loss (%) :Fmal NiisjfiaINI[I;lstslal Mass x 100% 4)

The uniformity and relative quality of the concrete were assessed through a non-
destructive ultrasonic pulse velocity (UPV) test. The test was performed in accordance with
ASTM C597 [54]. A total of three cube concrete specimens per mix were subjected to UPV
to obtain an average transit time in seconds. The electro-acoustical transducer generates
longitudinal pulses that are then received by a second transducer located at a distance, L,
from the transmitting transducer. The time in seconds was obtained from the device, and
Equation (5) was used in calculating the velocity.

Velocity (m/s) :Til;n(enz)s) x 100% (5)

3. Experimental Results and Discussion
3.1. Slump

The slump test was used to evaluate the workability of slag-fly ash blended geopoly-
mer concrete incorporating different types (A or B), volume fractions (0.5, 1.0, and 1.5%),
and combinations (single or hybrid) of GF. The slump values, presented in Table 5, ranged
between 40 and 160 mm, with the highest workability being for the plain geopolymer con-
crete mix (AOBOGFO0.0). The addition of GF reduced the workability in geopolymer mixes.
A similar outcome was reported when adding glass fibers to fly ash based geopolymer
concrete [29,55,56].
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Table 5. Slump, compaction factor, and vebe time for geopolymer concrete mixes.

Mix Slump Change in Compaction C(E)lrl?;ag:tilgn Vebe Time Change in Vebe
Designation (mm) Slump (%) Factor Factor (%) * (sec) Time (%)
AO0OBOGFO0.0 160 - 0.94 - 35 -
A100BOGF0.5 85 —46.8 0.92 —-2.1 3.6 29
A100BOGF1.0 80 —50.0 0.90 —4.3 37 5.7
A100BOGF1.5 50 —68.7 0.87 -75 4.6 314
AO0B100GF0.5 75 —53.1 0.86 -85 4.0 14.3
AOB100GF1.0 50 —68.7 0.80 —14.9 4.6 314
AOB100GF1.5 40 —75.0 0.77 —18.1 5.0 429
A75B25GF1.0 110 —-31.2 091 -32 3.6 29
A50B50GF1.0 100 —-37.5 0.88 —6.4 4.2 20.0
A25B75GF1.0 55 —65.6 0.78 —17.0 4.7 343

* With respect to the control mix AOBOGFO.0.

Series A mixes, incorporating type A (24 mm long) GF at 0.5%, 1.0%, and 1.5% volume
fractions, exhibited slump reductions of 47%, 50%, and 69%, respectively. Conversely,
series B mixes, incorporating type B (43 mm long) GF at similar volume fractions, resulted
in further reductions in the slump of 53%, 69%, and 75%, respectively. Apparently, the
incorporation of longer GF (type B) was more impactful on the workability of slag-fly ash
blended geopolymer concrete. To accommodate for such loss in workability, an additional
amount of paste would be required to cover the longer glass fibers and further enhance the
workability. Additionally, the reduction in the slump was more evident when increasing the
glass fiber volume fraction, i.e., 1.5%, as increasing the fiber content in the mix increased the
probability of fiber overlap and agglomeration. A similar phenomenon was noted in other
studies on fly ash and silica fume blended geopolymer concrete mixes [57]. Meanwhile, it
is possible to incorporate a higher volume fraction of short GF (type A) than long GF (type
B) while attaining similar workability. For example, A100BOGF1.5 and AOB100GF1.0 mixes
resulted in a similar slump.

Hybrid combinations of both GF types (A and B) at a constant volume fraction of 1%
were incorporated in series C mixes. Short GF were replaced with long GF at replacement
percentages of 25%, 50%, and 75%. Replacing 25% of short GF with longer ones, i.e.,
A75B25GF1.0, increased the slump by 30 mm (i.e., 38%) compared to its counterpart mix
made with 100% short fibers, i.e., A100BOGF1.0. Further increases in the replacement
percentage by 50% and 75% decreased the slump by 10 and 55 mm in comparison with
the mix at 25% replacement, respectively. However, mixes with a hybrid combination of
GF resulted in a better slump than its counterpart mix AOB100GF1.0. This is owed to the
reduction of the fiber interlocking effect and cross-linking ability. A similar phenomenon
was noted when the length of polyethylene fiber was increased in fly ash, slag, and silica
fume based geopolymer concrete [57].

3.2. Compaction Factor

The compaction factor test results were consistent with those of the slump test. The
plain control mix resulted in the highest compaction factor of 0.94. In comparison, the
incorporation of short GF by 0.5%, 1.0%, and 1.5%, by volume, decreased the compaction
factor by 2%, 4%, and 7%, respectively. Meanwhile, the inclusion of long GF at similar
volume fractions decreased the compaction factors by 7%, 15%, and 18%, respectively, with
reference to the control mix. A higher loss in compactability was noted when the long
GF (type B) volume fraction increased from 0.5% to 1.0%, while a milder decrease was
observed when the volume fraction further increased to 1.5%. It is possible to incorporate
more type A than type B GF while experiencing similar compactability of geopolymer
concrete. Such a finding is owed to the higher probability of fiber interlocking effect that
occurs in mixes with longer fibers [56-59].

Mixes with hybrid GF combination at 1% volume fraction decreased the compaction
factors but to a lesser extent than those of mixes with long glass fibers. Replacing 25%
of short glass fibers with long ones (A75B25GF1.0) had an insignificant impact on the
compactability of geopolymer concrete mix compared to the plain control mix (AOBOGFO.0).
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Further increases in replacement percentages by 50% and 75% resulted in compaction
factors of 0.88 and 0.78, representing 6% and 17% losses in compactability compared to
the control mix, respectively. Evidently, the addition of a hybrid GF combination with
long GF content of 75-100% of the total fiber volume had a more detrimental effect on the
compactability. Such decreases in compactability are attributed to mixes with slump values
less than 55 mm.

3.3. Vebe Time

The vebe times for plain and glass fiber-reinforced slag-fly ash blended geopolymer
concrete are presented in Table 5. The plain control mix had a vebe time of 3.5 s, while those
of mixes of series A and B resulted in vebe times in the ranges of 3.6-4.6 s and 4.0-5.0 s,
respectively. The inclusion of 0.5% and 1.0% short GF, by volume, caused insignificant
increases in the vebe time of 3% and 6%, respectively. Conversely, the smallest addition of
type B GF i.e., 0.5%, by volume, resulted in a 14% increase in the vebe time. This highlights
a more significant impact of long GF on the cohesiveness of geopolymer concrete than their
short counterparts. Further increases in either type of GF increased the vebe time. Similar
outcomes were reported in steel fiber-reinforced cement-based concrete [58]. Nevertheless,
A100BOGF1.5 and AOB100GF1.0 had similar vebe times despite the mix with short fibers
having a higher GF volume fraction.

In hybrid mixes of series C, the replacement of short with long GF by 25%, 50%,
and 75% at a constant volume fraction of 1% resulted in vebe times of 3.6, 4.2, and 4.6 s,
respectively. An increase in vebe time was noted when increasing the amount of long
GF in a hybrid combination, indicating a reduction in the cohesiveness of the mix. Their
counterpart non-hybrid mixes, i.e., at 1% volume fraction, in series A and B, resulted in
vebe times of 3.7 and 4.6 s, respectively. Hence, replacing 25% of type A with type B had
no impact on the vebe time, after which the vebe time increased. Moreover, mixes with
75-100% replacement percentages of short with long GF resulted in similar vebe times.
This is due to the higher interlocking effect associated with long GEF, as noted in past studies
with other types of fibers [56-59]. These relatively longer vebe times are associated with
compaction factors and slump of at most 0.8 and 55 mm.

3.4. Fresh and Hardened Density

The fresh and 28-day hardened densities are presented in Table 6. The values for the
fresh and hardened density were in the respective ranges of 2509-3205 and
2303-2554 kg/m?3. Evidently, the addition of GF increased the fresh and hardened densities
of slag-fly ash blended geopolymer concrete. Further increases were noted when increasing
the GF volume fraction. The addition of 0.5%, 1.0%, and 1.5% of short GF resulted in 10%,
12%, and 23% higher fresh densities compared to the control mix, respectively. Meanwhile,
the inclusion of long GF at similar volume fractions led to 13%, 14%, and 24% respective
increases. Moreover, adding either type of fiber at 0.5%, 1.0%, and 1.5% volume fractions
increased the 28-day hardened density by 5%, 6%, and 10%, respectively, with reference
to the control mix. Such results highlight a relatively limited impact of fiber length on the
fresh and 28-day hardened density of slag-fly ash blended geopolymer concrete.

Table 6. Fresh and hardened densities of geopolymer concrete mixes.

Mix ID Fresh Density (kg/m?3) Hardened Density (kg/m?3)

AO0BOGFO0.0 2509 + 126 2303 £+ 116
A100BOGF0.5 2765 £ 111 2410 £ 150
A100BOGF1.0 2808 £ 169 2422 + 146
A100BOGF1.5 3084 £ 173 2541 + 143
AOB100GF0.5 2845 £ 200 2414 £+ 169
AOB100GF1.0 2915 £+ 117 2439 + 105
A0B100GF1.5 3110 £ 187 2543 + 153
A75B25GF1.0 3039 £ 152 2545 + 128
A50B50GF1.0 3131 £ 220 2550 + 179

A25B75GF1.0 3205 £ 257 2554 £ 205
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Replacing short GF with long ones in a hybrid combination by 25%, 50%, and 75%
resulted in 21%, 25%, and 28% respective increases in fresh density, with reference to the
control mix. Conversely, the hardened density increased by nearly 11% regardless of the
hybrid GF combination. Furthermore, the difference between the fresh and hardened
densities increased as the length of GF, the volume fraction of GF, and the ratio of long-to-
short GF increased. This shows that the GF were more impactful on the fresh density than
on the 28-day hardened density. Based on these results, a strong correlation between the
two densities was developed with a coefficient R? of 0.96, as presented in Equation (6) and
Figure 8. Such correlation makes it possible to predict the 28-day hardened concrete density
( o ) from the measured fresh concrete density ( p ) for slag-fly ash blended geopolymer

concrete presented in this work.
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Figure 8. Relationship between fresh and hardened densities.

3.5. Compressive Strength

The 1-, 7-, and 28-day compressive strengths of slag-fly ash blended geopolymer con-
crete mixes with different types, volume fractions, and combinations of GF are summarized
in Table 7. The values of f-, at 1, 7, and 28 days were in the ranges of 23.2-32.4, 31.9-40.2,
and 33.3-42.2 MPa, respectively, with the plain control mix (AOBOGF0.0) having the lowest
strength at each age. Results showed that the incorporation of GF led to an increase in
feu. Such a finding correlates well with the enhancement in the 28-day hardened density
upon incorporating GF. For instance, the 1-day f, increased by 9%, 13%, and 24% upon the
addition of 0.5%, 1.0%, and 1.5% short GF volume fractions, respectively. Meanwhile, the
incorporation of the same short GF volume fractions resulted in 5%, 6%, and 17% higher
7-day fey and 11%, 13%, and 20% higher 28-day f.,, respectively. The 1-, 7-, and 28-day
feu resulted in average increases of 16%, 9%, and 16%, with the addition of 1.0% short GE,
by volume. Similarly, the addition of long glass fibers enhanced the f., at all ages, with
reference to the control mix. For every 1.0% long GF added, by volume, the 1-, 7-, and
28-day f., increased by, on average, 20%, 21%, and 18%, respectively. The addition of long
GF was more impactful on f, at all ages than short GF, as longer fibers had a better bridging
effect and ability to suspend crack formation and propagation [28-30].
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Table 7. Results of compressive and tensile strengths and modulus of elasticity.

Desilgri);tion Compressive Strength, f.,, (MPa) Strength Development of f, 7o f MP2)  folfu folfe  E.(GPa)
1-Day 7-Day 28-Day 1d-7d (%) ? 7d-28d (%) ®

AOBOGFO0.0 232+£1.2 31.9 £ 0.9 333 +£0.2 37.5 44 124 +1.2 22+0.1 0.37 0.18 4.6 £0.2
A100BOGFO0.5 254 +14 33.6 £0.9 369 £ 1.1 32.3 9.8 143 +21 26+0.1 0.39 0.18 54402
A100BOGF1.0 262 +£0.4 339+ 1.1 37.5+0.5 29.4 10.6 162+15 28+0.1 0.43 0.17 58+0.2
A100BOGF1.5 28.7 £0.9 37.4+0.8 399 £1.6 30.3 6.7 176 £3.2 29402 0.44 0.17 6.8+03
A0B100GFO0.5 258 £1.2 36.8 £3.1 37.4+03 42.6 1.6 140+09 2.6+0.6 0.37 0.19 56+ 0.6
AO0B100GF1.0 27.7 £0.3 377 +£1.0 383 +24 36.1 1.6 189 +21 3.0+01 0.49 0.16 63 +02
AO0B100GF1.5 291+17 38.5+25 40.7 £1.1 32.3 57 202 +£3.9 32401 0.50 0.16 73+02
A75B25GF1.0 307 £1.3 37.6 £0.2 40.7 £1.4 22.5 8.2 204 +£1.5 29402 0.50 0.14 72+04
A50B50GF1.0 31.3+13 379 +£1.0 412 £08 21.1 8.7 21.1£23 3.0+£02 0.51 0.14 83+0.5
A25B75GF1.0 324+ 0.6 402 +£0.7 422 +£03 24.1 5.0 220+£09 35+£02 0.52 0.16 8.6+0.5

2 Increase in f;, from 1 to 7 days. b Increase in feu from 7 to 28 days.

Incorporating different combinations of short and long GF had a limited impact on
feu- For instance, increasing the replacement percentage of short with long fibers from 25%
to 50% and from 50% to 75% increased 1-day f.;, by 2% and 6%, respectively. Meanwhile,
7- and 28-day f., increased by up to 7% and 4%, respectively. Furthermore, incorporating
hybrid GF combinations in geopolymer concrete enhanced f, at all ages compared to
their counterpart mixes in series A and B. In comparison with mix A100BOGF1.0 of series
A, the 1-, 7-, and 28-day f., of hybrid mixes increased, on average, by 20%, 14%, and
10%, respectively. Conversely, compared to mix AOB100GF1.0 in series B, the respective
strengths were, on average, 14%, 3%, and 8% higher. In addition, the f., of hybrid mixes
was superior to counterparts reinforced with a single type of GF at a higher volume fraction
of 1.5%. These results show that the compressive strength of slag-fly ash geopolymer
concrete could be improved to a greater extent by utilizing a hybrid combination of GF
rather than increasing the volume fraction when incorporating a single type of GF. This
is due to the ability of short and long GF to bridge microcracks and prevent macrocrack
propagation, respectively [60]. Similar findings have been reported in other work on steel
fiber-reinforced geopolymer concrete [24].

The percent increase in f;;, from 1 to 7 days and from 7 to 28 days for each mix is also
shown in Table 7. The percent increases from 1 to 7 days are significantly higher than those
from 7 to 28 days. For instance, the plain control mix had respective increases of 37.5%
and 4.4% from 1 to 7 days and from 7 to 28 days. The higher strength increase within the
first 7 days is mainly owed to the coupled formation of calcium aluminosilicate (C-A-S-H)
and calcium silicate hydrate (C-S-H) gels during the geopolymerization process [61-64].
However, the continuous strength development until 28 days is associated with the forma-
tion of sodium aluminosilicate hydrate (N-A-S-H) gel from the geopolymerization of fly
ash [61,63].

Furthermore, mixes of series A and B mixes experienced different strength develop-
ment profiles. For mixes incorporating type A (short) GF at 0.5%, 1.0%, and 1.5% volume
fractions, by volume, the strength development decreased by 5%, 8%, and 8%, respectively,
compared to the control mix, even though the strength values were higher due to fiber
incorporation. Such reduction in strength development is owed to the higher 1-day strength
in GF-reinforced geopolymer concrete mixes. Conversely, the strength development be-
tween 7 and 28 days increased by 5%, 6%, and 3% upon the inclusion of 0.5%, 1.0%, and
1.5% short GF volume fractions. For mixes made with type B GF or a hybrid combination of
GF, the strength development from 1 to 7 days was generally lower than that of the control
mix, except for mixes made with type B GF at volume fractions of 0.5 and 1.0%. Meanwhile,
these two mixes had inferior strength gain from 7 to 28 days to the control mix, while other
mixes were superior. It appears that the addition of type A short GF had a more prominent
effect on the strength gain over the first 7 days.

The 28-day cylinder compressive strength, f', for slag-fly ash blended geopolymer
concrete mixes are presented in Table 7. Similar to the 28-day f,, increasing the volume
fraction of either type (A or B) of GF increased the value f’;. Incorporating 0.5%, 1.0%, and
1.5% of short GF in geopolymer concrete mixes resulted in 15%, 31%, and 42% respective
increases in f’. compared to the control mix. Conversely, incorporating long GF in mixes at
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similar volume fractions resulted in 13%, 52%, and 62% respective increases in f'.. Longer
fibers were more effective at increasing f’; than shorter counterparts. Such an increase in f'
is owed to the improved bridging effect provided by longer GE. Similar findings have been
reported in another work on concrete reinforced with steel fibers [23]. Moreover, combining
the two types of GF, i.e., hybrid, led to higher f’. values than those mixes reinforced with a
single type of GF and the control mix. Further increases in long GF in a hybrid combination
resulted in higher 28-day f’.. Furthermore, it can be observed that a mix with 1.5% short or
long GF volume fraction (A100BOGF1.5 or AOB100GF1.5) resulted in a lower f’; than any
of the hybrid mixes. This observation indicates that higher compressive strengths can be
obtained in slag-fly ash blended geopolymer concrete by using a hybrid of two types of GF
rather than increasing the volume fraction of a single type of GF.

The ratio of f'c-to-f, is also presented in Table 7. The ratio of the control mix was 0.37,
indicating a significant difference between the cylinder and cube compressive strengths.
Similar low f’.-to-f., ratios were also reported in previous studies for plain slag, slag-fly
ash, and silica fume/slag-based geopolymer concretes [65-67]. It seems that geopolymer
concrete is more sensitive to the slenderness effect than cement-based concrete. Such a
fact should be considered by practitioners and researchers when designing based on the
values of f,. The f'-to-f, ratio increased upon increasing the GF volume fraction. This
indicates that the cylinder slenderness effect was reduced as more GF were added into the
geopolymer concrete mix. The inclusion of short GF of 0.5%, 1.0%, and 1.5%, by volume,
resulted in higher ratios of 0.39, 0.43, and 0.44, respectively, while the addition of longer GF
at similar volume fractions resulted in 0.37, 0.49, and 0.50, respectively. Meanwhile, the
inclusion of a hybrid combination of GF at a 1% volume fraction resulted in an average
f c-to-fey ratio of 0.51. A correlation exists between the cylinder and cube compressive
strengths. As shown in Figure 9, a linear relationship (Equation (7)) was developed using
regression analysis to predict f'; from f;, and vice versa with good accuracy (R? = 0.88).
However, this relationship is limited to f.;, values exceeding 23.6 MPa and to the mixes
examined in this study.
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Figure 9. Relationship between the cylinder and cube compressive strengths at 28 days.
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3.6. Compressive Stress—Strain Response

The axial compressive stress—strain curves of 28-day cylinder concrete specimens are
illustrated in Figure 10. The peak stresses of mixes with GF were higher than those of the
plain control mix. The peak stress increased by 30%, 61%, and 110% upon the inclusion of
short GF at 0.5%, 1.0%, and 1.5% volume fractions, respectively. Conversely, incorporating
long GF at similar respective volume fractions resulted in 43%, 96%, and 114% higher peak
stress compared to the control mix. As such, it can be estimated that every 0.5% addition of
short and long GF enhanced the peak stress by, on average, 36% and 38%, respectively. This
indicates that the inclusion of long GF is slightly more impactful than short GF on the peak
stress. Mixes including long GF at 0.5%, 1.0%, and 1.5% volume fractions resulted in 13%,
35%, and 4% higher stresses, respectively, than those incorporating short counterparts.
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Figure 10. Typical compression stress—strain curves of cylinder concrete specimens for (a) Series A,
(b) Series B, and (c) Series C.

The stress—strain response of mixes with different hybrid GF combinations, i.e., series
C, is presented in Figure 10c. Mixes incorporating hybrid GF combinations had higher
peak stresses than those with one type of GF and the control mix. The peak stress increased
by 86%, 101%, and 125% upon combining short and long GF at A-to-B of 3:1, 1:1, and 1:3,
respectively, in comparison to the control mix. Furthermore, compared to the counterpart
non-hybrid mix in series A with a similar volume fraction (1.0%), replacing 25%, 50%, and
75% of short with long GF resulted in a 15%, 24%, and 40% increase in the peak stress.
Furthermore, mixes incorporating more than 50% of long GF resulted in superior results to
that made with a single type, i.e., 100%. As such, incorporating a hybrid combination with
a 75% replacement percentage of short with long GF i.e., A:B of 1:3, at a volume fraction of
1.0%, had superior peak stress.
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The addition of GF to slag-fly ash blended geopolymer concrete increased the maxi-
mum strain. Compared to the control mix, the inclusion of 0.5%, 1.0%, and 1.5% short GF
increased the strain by 51%, 56%, and 76%, respectively, while the addition of long GF at
similar volume fractions increased the maximum strains by 97%, 104%, and 103%, respec-
tively. While both types of GF improved the deformability of geopolymer concrete, the
effect of longer GF was more prominent. Furthermore, mixes with hybrid GF combinations
enhanced the deformability, with those having A-to-B ratios of 1:1 and 1:3 being superior.
Evidently, the addition of GF enhanced the compressive behavior and deformability of
slag-fly ash blended geopolymer concrete, owing to the bridging effect of the GF. Similar
outcomes were noted in cement and geopolymer concrete made with steel fibers [68-70].

3.7. Modulus of Elasticity

The modulus of elasticity results, E, of slag-fly ash blended geopolymer concrete
mixes with types A and/or B of GF are presented in Table 7. The addition of 0.5%, 1.0%,
and 1.5% short glass fiber volume fractions, by volume, increased the E. by 17%, 26%, and
47%, respectively, compared to the plain control mix. Conversely, the addition of long GF
at similar volume fractions led to 21%, 37%, and 59% respective increases in E.. Thus, it is
clear that long GF were more influential on E. than short counterparts. Moreover, replacing
25%, 50%, and 75% of short GF with long ones in hybrid mixes resulted in 56%, 80%, and
87% increases in E,, respectively, in comparison to the control mix. Such enhancement is
owed to the increase in compressive strength and stress, Sy, in Equation (1), and restriction
in crack formation and propagation, as concluded in other work on steel fiber-reinforced
geopolymer concrete [65,66]. Experimental results indicate that increasing the GF volume
fraction enhanced E., with long GF being more effective than short ones. In addition,
further enhancement was noted in hybrid GF mixes at a 1% volume fraction, where the
geopolymer mix made with GF at A-to-B of 1:3 presented superior performance. Steel
fiber-reinforced geopolymer concrete experienced similar increases in E. with longer fibers
and hybrid combinations of steel fibers [25].

Results of E. are synonymous with those of f’.. As such, a relationship was estab-
lished between the two properties. Figure 11a illustrates a relationship between E; and f’...
Equation (8) presents a tool to predict E. from f’. with a correlation coefficient, R? = 0.91.
However, the proposed model is limited to values of f'. exceeding 4.1 MPa.

E;=3.05\/f'.— 6.18 (8)
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Figure 11. (a) Relationship between E. and f. at the age of 28-days. (b) Experimental versus predicted
modulus of elasticity, E.
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The obtained relationship in Equation (8) was compared to those developed by ACI
318-19 [71], CEB-FIP [72], and AS3600 [73] (Table 8), as illustrated in Figure 11b. With scatter
points converging on the 45° line, the model developed in Equation (8) provides a relatively
more accurate prediction of E. than the codified equations. It can be observed that the
codified models developed by ACI318-19 [71], CEB-FIP [72], and AS3600 [73] overestimated
the E of the mixes presented in this work. These equations were developed for conventional
cement-based concrete without fiber reinforcement. As such, their applicability to glass
fiber-reinforced slag-fly ash blended geopolymer concrete may be limited. Nevertheless,
the AS3600 [73] model followed a similar trend as Equation (8) and could thus be used to
predict the values of E; produced herein subject to modifying it with a factor of 0.512.

Table 8. Equations relating the modulus of elasticity to the cylinder compressive strength.

Reference Modulus of Elasticity (E.)
ACI 318-19 [71] 0.043 w! £/.05
CEB-FIP [72] 9979.4 f0-33
AS3600 [73] 0.024 wl? (£.%° +0.12)

w = density of concrete at 28 days (kg/m?). f'. = compressive strength (MPa).

3.8. Splitting Tensile Strength

The splitting tensile strength (fs;) was used to indirectly evaluate the tensile perfor-
mance of 28-day glass fiber-reinforced slag-fly ash blended geopolymer concrete. Table 7
presents f; for all mixes. A similar trend was noted as that of f'c, where increasing the GF
volume fraction increased fsp. Incorporating short GF at 0.5%, 1.0%, and 1.5%, by volume,
enhanced fsp by 15%, 21%, and 30% compared to the plain control mix. Further enhance-
ment in fs, was noted when utilizing long GF at similar volume fractions, with respective
increases of 16%, 36%, and 41% compared to the control mix. This signifies that long GF
were more effective at improving fs, than their short counterparts. Moreover, the inclusion
of hybrid GF at 1%, by volume, with A-to-B ratios of 3:1, 1:1, and 1:3 led to 29%, 33%, and
58% higher f,, respectively, with reference to the control mix. Evidently, hybridization
is more efficient than single fiber incorporation to enhance the f; of slag-fly ash blended
geopolymer concrete. Similar findings were found in a study conducted by Park et al. [74],
in which utilizing a combination of macro and micro steel fibers in ultrahigh-performance
concrete provided superior performance to a counterpart reinforced with a single type of
steel fiber. Nevertheless, GF addition was more impactful on E. than on f;, unlike what
has been reported in steel fiber-reinforced geopolymers [25].

Table 7 also presents the ratio of fy,-to-f’c. It varied between 0.14 and 0.19, which is
slightly higher than the ratio reported in steel fiber-reinforced geopolymer concrete [24,25].
A reduction in the ratio was observed upon the addition of GF. This implies that GF were
slightly more influential on f'c rather than f;,. Nevertheless, the ratio was more influenced
by increasing the volume fraction of GF. Mixes with hybrid GF resulted in the lowest fs)-to-
f'c ratios. Despite an increase in fs, up to 58%, the increase in f’c reached 77%, resulting in
lower ratios. Nevertheless, the effect of GF inclusion on f;, and f'c is similar. Accordingly,
Equation (9) was developed to correlate the two properties, as shown in Figure 12a. With a
correlation coefficient R? of 0.96, it is possible to predict f;, from f'c with high accuracy.

Furthermore, Equation (9) was compared to the codified equations presented in Table 9
that are used to predict fs, from f'c. Figure 12b illustrates the experimental and predicted fsp
results. The models developed by ACI 318-19 [71], CEB-FIB [72], and AS3600 [73] relatively
underestimated the f5, of geopolymer mixes produced in this work, while that of Equation
(9) was more reliable here, as it converged on the 45°-line. The ACI 318-19, AS3600, and
CEB-FIP models resulted in, on average, 80%, 53%, and 72% lower values, respectively.
Hence, by introducing correction factors, shown in Table 9, the codified equations could be
adjusted to be suitable for glass fiber-reinforced slag-fly ash blended geopolymer concrete
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presented herein. Still, the codified equations were developed for plain cement-based
concrete and are used herein for comparison purposes.

fsp: 0.68 flc (9)
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Figure 12. (a) Correlation between splitting tensile strengths, f;, and compressive strength, f’.
(b) Experimental versus predicted splitting tensile strengths, fsp.

Table 9. Equations relating splitting tensile strength and compressive strength.

Reference Tensile Strength (fs) Correction Factor Modified Equations
ACI 318 [71] 0.56f'c0 1.21 0.68f.0
CEB-FIP [72] 0.301".0-¢7 1.28 0.38f".0-67
AS3600 [73] 0.36f (00 1.88 0.68f0°

3.9. Water Absorption

The infiltration of moisture and other aggressive liquids into the interconnected pores
of concrete causes a deterioration in its quality. Since water is the primary carrier of
aggressive ions into the concrete, its durability can be directly evaluated by its ability to
absorb water [75]. The results of water absorption at 28 days are presented in Table 10.
The inclusion of GF caused a decrease in water absorption. The largest water absorption
of 6.5% was seen in the control specimen (AOBOGF0.0). The mixes with short GF of series
A at 0.5%, 1.0%, and 1.5% had corresponding water absorption rates of 5.5%, 5.4%, and
4.4%, respectively. In contrast to series B mixes, at similar volume fractions, the respective
water absorption rates were 5.4%, 4.9%, and 4.3%. In accordance with the abovementioned
data and in comparison to the control mix, the addition of 0.5%, 1.0%, and 1.5% GF volume
fractions caused a decrease in the water absorption by 15%, 17%, and 32% for short GF and
17%, 24%, and 34% for long GF, respectively. Furthermore, water absorption of 4.3%, 4.0%,
and 3.8% was noted in mixes with 25%, 50%, and 75% replacement percentages of short
GF with long ones, respectively. In reference to the control mix, the respective decreases
were 34%, 38%, and 42%. Such reduction in water absorption, caused by GF inclusion,
is associated with an improvement in the mechanical properties and an increase in the
hardened density. Similar findings have been reported by Saral et al. [55] in fly ash based
geopolymer concrete reinforced with GE.
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Table 10. Water absorption and sorptivity of geopolymer concrete mixes.

Mix Designation Water Absorption (%) Sorptivity (mm/s®?)

AO0BOGFO0.0 6.46 + 0.33 0.037 £ 0.002
A100BOGF0.5 547 £0.22 0.044 + 0.002
A100BOGF1.0 537 £0.33 0.045 + 0.003
A100BOGF1.5 4.38 £ 0.25 0.044 + 0.003
A0B100GF0.5 5.38 £0.38 0.048 + 0.004
A0B100GF1.0 491 £0.20 0.051 + 0.003
AOB100GF1.5 4.28 £0.26 0.062 + 0.004
A75B25GF1.0 428 £0.22 0.060 + 0.003
A50B50GF1.0 4.02 £0.29 0.057 £ 0.004
A25B75GF1.0 3.75£0.30 0.062 £ 0.005

3.10. Sorptivity

The sorptivity test is used to evaluate the tendency of concrete to absorb and transport
water through capillary action into its microstructure. The strength of capillary forces,
permeability, porosity, structure, and distribution of pores in concrete mainly affect the
sorptivity, i.e., rate of absorption [25].

Figure 13 presents a scatter plot of the water absorption against the square root of
time. During the first 60 min, the slope of the sorptivity curve was higher than that of the
remaining test duration. This was a result of the consecutive filling of larger and small
voids at the early stages. The curves of capillary sorptivity of concrete mixes with short
(type A) GF are illustrated in Figure 13a. An increase in water absorption rates was seen in
series A mixes. In comparison to the control mix, the addition of short GF by 0.5%, 1.0%,
and 1.5% by volume increased the absorption rates by 18%, 20%, and 17%. In addition,
the results of series B mixes are illustrated in Figure 13b. Contrary to the control mix, the
addition of long GF at 0.5%, 1.0%, and 1.5% volume fractions, by volume, resulted in an
increase in water absorption rates by 29%, 36%, and 67%, respectively.

10 10

—— Control Mix —%— Control Mix
8 { —— A100BOGF0.5 8 _|—2— AO0B100F0.5
—0— A100BOGF1.0 —O0— A0B100GF1.0
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Figure 13. Absorption of geopolymer concrete mixes over time: (a) Series A, (b) Series B, and (c)
Series C.
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For series C hybrid mixes, the absorption rates versus the square root of time are
depicted in Figure 13c. The initial slope was higher in hybrid mixes. It was seen that an
increase in sorptivity by 60%, 52%, and 67%, resulted from replacing 25%, 50%, and 75% of
short (type A) with long (type B) GF, respectively, compared to the control mix. A similar ini-
tial rate of absorption was seen in the geopolymer concrete mixture with 75% replacement
of short with long fibers (A25B75GF1.0) and a non-hybrid mixture consisting of only long
GF at 1.5% volume fraction (AOB100GF1.5).

Typically, the addition of fibers to concrete causes a restriction in water movement and
the filling of void space in the concrete structure [76]. In this work, the inclusion of GF led
to a decrease in the water absorption of slag-fly ash blended geopolymer concrete; however,
the rate of absorption, i.e., sorptivity, increased. Despite having lesser voids than plain
counterparts, it is believed that the addition of GF resulted in the interconnectivity of the
voids. A similar phenomenon was reported by Kwan et al. [77], where the addition of GF
led to the formation of additional interfacial bonds and voids, which provided a route for
water passage through the concrete. Nevertheless, despite the increase in the connectivity of
the voids, i.e., higher sorptivity, due to the addition of GF, the total void content, represented
by the water absorption, decreased. In conjunction with the ultrasonic pulse velocity (UPV)
results presented later, it can be concluded that the incorporation of GF in slag-fly ash
blended geopolymer concrete enhanced its mechanical and durability properties.

3.11. Abrasion Resistance

The capacity of concrete to resist wear caused by impact and friction defined the
abrasion resistance of concrete. After exposing the samples to 500 revolutions in an LA
abrasion machine, the resulting mass loss is a measurement of the abrasion resistance of
concrete. The mass loss profile of slag-fly ash blended geopolymer concrete with different
GF volume fractions and proportions is presented in Figure 14. A total mass loss, i.e.,
100% mass loss, at 200 revolutions was noted in the control mix, while such a total mass
loss was extended to at least 400 revolutions by the incorporation of either type of GE.
Abrasion mass losses (at 500 revolutions) of 100% were seen in series A mixes incorporating
up to 1.5% glass fiber volume fractions, as shown in Figure 14a. The mass loss for mixes
made with 0.5%, 1.0%, and 1.5% was 100%, 93%, and 93% at 400 revolutions. Conversely,
reductions in the abrasion mass loss by 4%, 11%, and 32% were observed as a result of in-
corporating 0.5%, 1.0%, and 1.5% long GF volume fractions, respectively, at 400 revolutions
(Figure 14b). Nevertheless, the rate of mass loss diminished as the GF volume fraction (for
both types of fibers) increased. Similar findings have been reported in past work on the use
of fibers in conventional and geopolymer concrete [59,64].

Figure 14c illustrates mixes with hybrid combinations of GE. In comparison with the
control mix, substituting 25%, 50%, and 75% of short GF with long ones resulted in 14%,
36%, and 38% reductions in the mass loss at 500 revolutions. Consequently, an improvement
in the abrasion resistance (i.e., lower mass loss) can be achieved by increasing the long
GF content in hybrid mixes. Slag-fly ash blended geopolymer concrete reinforced with a
hybrid combination of GF was more resistant to abrasion than those made with a single
type of GF even when a higher volume fraction was used in the mix.

The abrasion mass loss results are inversely proportional to the 28-day cylinder com-
pressive strength (). Thus, it is possible to develop a relationship between these two
properties for mixes having an abrasion mass loss of less than 100%. Figure 15 illustrates
the developed linear relationship. It is also expressed in Equation (10), where AR represents
the abrasion mass loss in percent. Evidently, it is possible to predict the abrasion resistance
from f’; of blended geopolymer concrete made with different types, volume fractions,
and combinations of GF with good accuracy (R? = 0.91). The proposed equation is only
applicable to mixes that resulted in less than 100% abrasion mass loss and those with f’;
more than 19 MPa.

AR(%) = —13.34(f',) +354.27 (10)
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3.12. Ultrasonic Pulse Velocity

Assessing the concrete strength and general quality can be achieved by utilizing the
UPV test. The UPV test results, expressed as velocity (m/s), for slag-fly ash blended
geopolymer concrete mixes at 28 days are presented in Figure 16. The lowest and highest
velocities were for the control and A25B75GF1.0 mixes, with respective values of 1031
and 3916 m/s. Such a low UPV (i.e., 1031 m/s) is owed to the relatively low f’c and high
absorption values, as was reported in fly ash based geopolymer concrete [78]. Concrete
specimens were considered as “excellent”, “good”, “average”, and “poor” for UPV values
falling in the respective ranges of above 4500, 3500-4500, 3000-3500, and below 3000 m/s
according to BS 1881 [79]. While the control plain mix fell within the “poor” range, the
addition of hybrid and single GF at different volume fractions resulted in higher UPV
values, i.e., produced a better quality concrete that fell within the “average” and “good”
ranges. Velocities of 3076, 3247, and 3281 m/s were achieved in series A mixes with
0.5, 1.0, and 1.5% short GF volume fractions, respectively. Similar volume fractions in
series B mixes achieved velocities of 3254, 3719, and 3894 m/s, respectively. Only two out
of all non-hybrid mixes fell within the “good” concrete quality range (AOB100GF1.0 and
A0B100GF1.5), while the remaining mixes were classified as having “average” concrete
quality. The hybrid mixes of series C were considered to be of “good” quality, as their
velocities were 3747, 3763, and 3916 m/s. Such enhancement in UPV values is a direct
indication of the decrease in void content (i.e., water absorption) in samples with glass
fibers, correspondingly resulting in better mechanical and durability properties. A similar
phenomenon was noted in cement-based concrete upon the addition of steel fibers [59].
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Figure 16. UPV of glass fiber reinforced geopolymer concrete.

4. Conclusions

The fresh and hardened properties of glass fiber-reinforced slag-fly ash blended
geopolymer concrete mixes were evaluated. The effects of different types, volume fractions,
and combinations of glass fibers (GF) were examined. Based on the experimental test
results, the following conclusions can be drawn:

e  The slump decreased by up to 75% as GF were added to the geopolymer concrete mix
with a more drastic effect being noted with the addition of long GF. The incorporation
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of a hybrid GF combination at a 1% volume fraction led to better workability results,
as it reduced the effect of fiber interlocking.

e Increasing the GF volume fraction and length led to up to 18% lower compaction
factors and 43% higher vebe times than that of the plain concrete mix. Mixes with
hybrid glass fiber combinations were better than those with a single type of GFE.

e  The addition of different types, volume fractions, and combinations of GF enhanced
1, 7, and 28-day compressive strengths of geopolymer concrete. Increasing the GF
volume fraction resulted in a decrease in compressive strength development between
1 and 7 days with respect to the plain control mix. Mixes with a 1.5% long GF
volume fraction resulted in the highest strength development at later ages. Hybrid GF-
reinforced mixes exhibited larger strength development at an early age; however, in-
creasing the amount of long GF in a hybrid combination delayed strength development.

e An increase of up to 24% in compressive strength was noted upon incorporating
short GF in geopolymer concrete. The addition of long GF decreased the compressive
strength up to 7 days but then increased it at 28 days. A significant increase of up to
40% in compressive strength was noted when incorporating hybrid GF combinations
with more long GF at a 1% volume fraction.

e  The addition of glass fibers enhanced the peak stress and strain upon increasing the
length and volume fraction of GF. Mixes with hybrid glass fiber combination at a ratio
(A:B) of 1:1 and 1:3 at 1% volume fraction exhibited similar stress and strain of that
mixed with long GF at 1.5%. The modulus of elasticity (E.) was improved by up to 46%
and 59% upon incorporating short and long GF, respectively. A further enhancement
of 85% was noted when hybridizing GE.

e  The 28-day splitting tensile (fsp) strength increased by up to 30% and 41% with the
inclusion of short and long GF, respectively. However, a hybrid mix with a proportion
ratio (A:B) of 1:3 had a superior tensile strength of 3.5 MPa.

e The water absorption decreased by up to 34% with the addition of glass fibers with
respect to the control mix. Incorporating a hybrid GF combination further decreased
the water absorption by up to 42%. Contrarily, the initial sorptivity increased upon
the addition of glass fibers, up to 67%. This is owed to the higher connectivity of voids
and larger interfacial voids caused by glass fibers.

e  The abrasion resistance of geopolymer concrete mixes was improved upon the inclu-
sion of GF, more so for long GF than for short counterparts. Further enhancement was
found in mixes with hybrid GF combinations at a 1% volume fraction.

e  Results of 28-day f., were correlated to that of 28-day f’.. Correlation equations were
also developed relating each of fsp, E., and abrasion resistance to 28-day f’c. Codified
equations developed for plain cement-based concrete provided fewer representative
results. The difference in concrete chemistry and the addition of fibers rendered these
equations less accurate in predicting the properties of glass fiber-reinforced slag-fly
ash geopolymer concrete.

e  The use of GF enhanced the general quality of geopolymer concrete with up to 280%
higher velocity values, according to the ultrasonic pulse velocity (UPV) test. While
mixes reinforced with long GF and a high volume percentage (> 1%) or hybrid GF
were classified as “good” quality, remaining mixes were categorized as “average.”

Based on the experimental results and findings, it can be concluded that slag-fly ash
blended geopolymer concrete reinforced with a hybrid glass fiber combination at a short
fiber-to-long fiber ratio of 1:3 provided superior mechanical and durability properties.
Future research is still needed to investigate the microstructure characteristics and flexural
and shear performance of glass fiber-reinforced slag-fly ash blended geopolymer concrete.
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