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Abstract. A strain-hardening highly ductile composite based on an alkali-activated slag binder and synthetic fibers is a
promising construction material due to its excellent tensile behavior and owing to the ecofriendly characteristics of its binder.
This study investigated the effect of different types of synthetic fibers and water-to-binder ratios on the compressive strength and
tensile behavior of slag-based cementless composites. Alkali-activated slag was used as a binder and water-to-binder ratios of
0.35, 0.45, and 0.55 were considered. Three types of fibers, polypropylene fiber, polyethylene (PE) fiber, and polyparaphenylene
-benzobisethiazole (PBO) fiber, were used as reinforcing fibers, and compression and uniaxial tension tests were performed. The
test results showed that the PE fiber series composites exhibited superior tensile behavior in terms of the tensile strain capacity
and crack patterns while PBO fiber series composites had high tensile strength levels and tight crack widths and spacing

distances.
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1. Introduction

The performance of a fiber-reinforced cementitious
composite is determined by the fiber bridging behavior,
which is influenced by the properties of the fiber, the
matrix, and the interface between the fiber and the matrix at
a cracked plane (Kanda and Li 1998, Yang et al. 2008, Lee
et al. 2010, Lee et al. 2010, Huang and Huang 2011).
Therefore, to achieve high ductility in a fiber-reinforced
cementitious composite through multiple instances of
micro-cracking, the type of matrix and the mixture
proportion, as well as the type of fiber, are important.
Among synthetic fibers, polyethylene (PE), polyvinyl-
alcohol (PVA), and polypropylene (PP) have been
successfully adopted for high ductility in fiber-reinforced
cementitious composites (Maalej and Li 1994, Li et al.
2001, Li 2012, Ranade et al. 2013, Li et al. 2014, Cho et al.
2015, Felekoglu and Keskinates 2016, Kang et al. 2016,
Tosun-Felekoglu et al. 2017). Recently, researchers have
attempted to achieve high ductility and what can be termed
as ‘material greenness’ by developing fiber-reinforced
cementless composites using cementless binders such as
alkali-activated slag and geopolymer and PE and PVA fibers
(Lee et al. 2012, Ohno and Li 2014, Choi et al. 2015,
Nematollahi et al. 2015, Nematollahi et al. 2015, Choi et al.
2016, Choi et al. 2016). Lee et al. (2012) developed a fiber-
reinforced cementless composite with a compressive
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strength of 30.6 MPa, a tensile strength of 4.7 MPa, and a
tensile strain capacity of 4.5 % using alkali-activated slag-
based mortar and PVA fibers (Lee et al. 2012). Ohno and Li
(2014) developed another type of fiber-reinforced
cementless composite with a compressive strength of 27.6
MPa, a tensile strength of 3.4 MPa, and a tensile strain
capacity of 4.3 % using fly ash-based geopolymer mortar
and PVA fibers (Ohno and Li 2014). Nematollahi et al.
(2015) also developed a geopolymer based on fly ash with
higher compressive strength up to 63.7 MPa and a tensile
strain capacity up to 4.3 % (Nematollahi et al. 2015). More
recently, Choi et al. (2016) reported a composite using
alkali-activated slag and high strength PE fiber with a
compressive strength of 54.8 MPa and extremely high
tensile strain capacity up to 7.5%. The toughness of
composite was 2.7 times higher than that of PE-ECC
(engineered cementitious composites) and 1.8 times higher
than that of high-strength and high-ductility concrete.
(Maalej and Li 1994, Ranade et al. 2013, Choi et al. 2016).
It has been demonstrated that a cementless alkali-
activated composite reinforced with PVVA and PE fibers has
high tensile strain capacity. However, to the best of the
authors’ knowledge, the literature on the composite
properties of cementless alkali-activated composites
reinforced by other types of fibers, such as PP fiber and
polyparaphenylene-benzobisethiazole (PBO) fiber, remains
limited. PP fiber has a low chemical bond between the fiber
and the matrix and relatively low tensile strength compared
to those of PVA and PE fibers (Felekoglu et al. 2014). On
the other hand, PBO fiber has high tensile strength up to
5,800 MPa. Therefore, it can be expected that PBO fiber-
reinforced composite has high fiber bridging capacity at the
crack plane. The purpose of this study was to investigate
experimentally the tensile strain-hardening behaviors and
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Table 1 Chemical composition of the GGBFS

Ca0 Sio, Al,O; MgO

SO, TiO, Fe,0;

K,0 etc.

44.6 315 13 4.9

3.4 0.8 0.5 0.5 0.9

Table 2 Properties of fibers

Type of fiber Diameter (um) Length (mm)  Tensile strength (MPa) Density (g/cm®)  Elastic modulus (GPa)
PP 12 10 850 0.91 6
PE 16 12 3,030 0.97 112
PBO 12 12 5,800 1.54 180
60 a3

Table 3 Mixture proportions (weight ratio)

Mixtures  Binder  Water SP VMA  Fiber type
PP-0.35 1 0.35 0.0010  0.0001 PP
PP-0.45 1 0.45 0.0002  0.0003 PP
PP-0.55 1 0.55 - 0.0013 PP
PE-0.35 1 0.35 0.0010  0.0001 PE
PE-0.45 1 0.45 0.0002  0.0004 PE
PE-0.55 1 0.55 - 0.0017 PE
PBO-0.35 1 0.35 0.0014  0.0010 PBO
PBO-0.45 1 0.45 0.0010  0.0010 PBO
PBO-0.55 1 0.55 - 0.0022 PBO

crack patterns of alkali-activated slag-based cementless
composites reinforced with synthetic fibers and the effect of
different types of synthetic fibers on the compressive
strength and tensile behavior of the composites with the
identical water-to-binder ratios.

2. Materials and methods
2.1 Materials and mixture proportion

Alkali-activated slag was used as a binder. Ground-
granulated blast furnace slag (GGBFS) was used as a source
material, and two types of alkali-activators, calcium
hydroxide and sodium sulfate, were used in powder form to
prevent quick setting. The weight ratios of calcium
hydroxide and sodium sulfate were 8.38 % and 3.35 % of
GGBFS, respectively. The fineness value and specific
gravity of the slag were 4,320 cm?/g and 2.92, respectively.
The chemical composition of the GGBFS is listed in Table
1.

In order to investigate the effect of the water-to-binder
ratio, three ratios were used: 0.35, 0.45, and 0.55. Li and Li
experimentally investigated the effect of the plastic
viscosity of the matrix on the tensile strain capacity and
fiber dispersion (Li and Li 2013). They found that the fiber
dispersion was poor and therefore induced a low tensile
strain capacity when the plastic viscosity of the matrix fell
below 5.0 Pa.s. In order to achieve a good fiber dispersion,
the optimized amounts of the superplasticizer (SP) and
viscosity-modifying admixture (VMA) were included for
each mixture. The PP, PE, and PBO fibers were used as
reinforcing fibers. The properties of the three types of fibers
are given in Table 2. Table 3 lists the mixture proportions
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Fig. 1 Uniaxial tension test: (a) specimen geometry; (b) test
setup

investigated in this study, and all mixtures had the same
volume of fibers (1.75% of the total volume).

2.2 Specimen preparation

Each composition was mixed in a planetary mixer. The
GGBFS and alkali-activators were mixed for three minutes.
Subsequently, water, SP, and VMA were added and mixed
for another five minutes. After achieving a proper plastic
viscosity of the mixture, fibers were slowly added to the
mixer and then mixed for five minutes. Afterwards, the
mixture was cast into molds for compressive strength and
uniaxial tension tests. For each mixture, three 50 mm cube
specimens were prepared for the compressive strength test,
with six dog-bone shape specimens (Fig. 1(a)) created for
the tension test. A plastic sheet was used to cover the molds
to prevent the evaporation of surface water from the
mixture, and all of the mixtures were cured in a control
room at a (23+3)°C for two days. The hardened mixtures
were removed from the molds and cured in water at a
temperature of (23£3)°C until an age of 28 days.

2.3 Compression and uniaxial tension tests

The compressive strength test was conducted according
to ASTM C109-07 (ASTM 2007). The tensile behavior,
quantitatively expressed by the first-cracking strength,
tensile strength, and tensile strain capacity, of each mixture
was investigated with uniaxial tension tests. The dimensions
of the specimen for the uniaxial tension tests and the test
method were in accordance with Japan Society of Civil
Engineers recommendations as no standard with regard to
the uniaxial tension tests is available (JSCE 2008). The
tensile load by displacement control was applied to a
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Fig. 2 Representative tensile stress and strain curves: (a) PP
fiber series; (b) PE fiber series; and (c) PBO fiber series

specimen using an electronic universal testing machine. The
tensile load was measured by a load cell, and the
deformation of the specimen was measured by two linear
variable differential transducers. The tensile stress and
strain were calculated from the load and deformation,
respectively. The geometry of the specimen for the tension
test and the test setup are shown in Fig. 1. The crack pattern
of each mixture was investigated by measuring the number
of cracks from the unloaded specimen after the uniaxial
tension test. The number of cracks in each case was counted
manually within a gauge length of 80 mm on both sides of
each specimen. The crack spacing was calculated by
dividing the gauge length (80 mm) by the number of cracks.
The crack width was calculated indirectly by dividing the
total amount of deformation by the number of cracks within
a gauge length of 80 mm. It was assumed that all
deformations occurring at cracks and were identical to the
sum of the crack openings because the deformation of the
matrix is much smaller than a crack opening (Kang et al.
2016).

Table 4 Compressive strength of each mixture

Water-to-binder ratio

Type of fiber

0.35 0.45 0.55
PP 36.8+1.6 20.2+0.5 8.8+0.1
PE 39.8+0.3 24.0+1.1 11.1+0.3
PBO 40.1+0.4 19.7+0.6 11.8+0.3

3. Results and discussion
3.1 Compressive strength

As expected, the compressive strength increased with a
decrease in the water-to-binder ratio. The maximum
difference in the compressive strength of the composite
with the same water-to-binder ratio ranged from 8.1% to
25.2%. Although the PBO fiber had the highest tensile
strength among three types of fibers, it was not significantly
effective with regard to its ability to increase the
compressive strength of the composite compared to the PP
and PE fibers.

3.2 Uniaxial tensile behavior

Fig. 2 shows the representative tensile stress and strain
curves of each mixture according to the types of fibers used.
The tensile stress and strain curve closest to the average
tensile strength and tensile strain capacity of each mixture
was selected as a representative tensile stress and strain
curve among six curves of each mixture. All mixtures
showed tensile strain-hardening behavior under a tensile
load with multiple cracks, which is not observed in normal
concrete and fiber-reinforced concrete. There were higher
stress drops in the PP fiber series and PE fibers series
composites than in the PBO fiber series composites. This is
attributed to the low chemical bond between the fiber and
the matrix of the PP series and PE fibers series composites.
Fiber bridging curve of a composite reinforced by
hydrophobic fiber starts at low stress level and in a zero
crack-opening state, mainly due to a frictional bond
between the fiber and the matrix with a low chemical bond
between these components. Therefore, there is generally
observed a higher stress drop in a hydrophobic fiber-
reinforced composite than in a hydrophilic fiber-reinforced
composite when a crack occurs. These test results indicated
indirectly that the PBO fiber has the less hydrophobic
surface property than the PP and PE fibers.

Fig. 3 shows the representative tensile stress and strain
curves of each mixture according to the water-to-binder
ratio. For all water-to-binder ratios, the PE fiber series
composites had higher tensile strength and tensile strain
capacity levels than the PP fiber series composites. This was
mainly due to the low tensile strength of the PP fiber,
compared to PE fiber. Although the tensile strength of the
PBO fiber was 91% higher than that of the PE fiber, the
tensile strain capacity of the PBO fiber series composites
was lower than that of the PE fiber series composites. This
was likely due to the excessive bonding between the PBO
fiber and the matrix, as indirectly proved by the fact that
there was only a slight stress drop in the PBO fiber series
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Fig. 3 Representative tensile stress and strain curves
according to the water-binder ratios of (a) 0.35, (b) 0.45,
and (c) 0.55

composites.

Table 5 lists the first-cracking strength of each mixture.
With regard to the first-cracking strength, the first-cracking
strength increased with a decrease in the water-to-binder
ratio. Although the different types of fibers has not
influenced the compressive strength of the composites, the
type of fiber has effects on the first-cracking strength. The
first-cracking strength of the PBO fiber series composites
was on average 62.3% and 77.6% higher than those of the
PP fiber series and PE fiber series composites, respectively.
This may be attributed to the strong bond between the PBO
fiber and the matrix.

Table 6 lists the tensile strength of each mixture. The
tensile strength increased as the water-to-binder ratio
decreased and as the tensile strength of the fiber increased.
This is attributed to the fact that the interfacial bond
between the fiber and the matrix increased with a decrease
in the water-to-binder ratio and the number of ruptured
fibers on the crack plane decreased with an increase in the

Table 5 First-cracking strength (unit: MPa)

Water-to-binder ratio

Type of fiber 0.35 0.45 0.55
PP 2012039 1882029 1452017
PE 212¢034  195:035 1432021
PBO 381:011  322:044  2.68:023

Table 6 Tensile strength (unit: MPa)

Water-to-binder ratio

Type of fiber 0.35 0.45 0.55
PP 3.24+0.26 2.58+0.25 1.53+0.15
PE 4.82+0.41 3.71+0.43 2.06+0.16
PBO 5.75+0.25 3.71+0.44 3.19+0.38

Table 7 Tensile strain capacity (unit: %)

Water-to-binder ratio

Type of fiber 0.35 0.45 0.55
PP 194t101  300:035  093:056
PE 4.93:045  3.94+080  3.6740.70
PBO 186027  099:014  1.04:024

tensile strength of the fiber. The tensile strength of fiber-
reinforced concrete is not a matrix property but instead
depends on the fiber bridging capacity at the crack plane,
and it is identical to the minimum fiber bridging stress in
the composite. Therefore it is necessary to tailor the
properties of the fiber and the interfacial properties between
the fiber and the matrix to improve the tensile strength of
composite.

Table 7 lists the tensile strain capacity of each mixture.
Overall, the PE fiber series composites had the highest
tensile strain capacity among all types of fibers. Although
the PBO fiber had higher tensile strength by 91% compared
to the PE fiber, the average tensile strain capacity of the
PBO fiber series composites was 70% lower on average
than that of the PE fiber series composites. The lower
tensile strain capacity of the PBO fiber series composites
compared to the PE fiber series composites may have arisen
mainly because of the strong bond between the PBO fiber
and the matrix, which can induce a high fiber bridging
capacity. However, a strong bond can decrease the
complementary energy in the fiber bridging curve, which
induces less steady-state cracking behavior (Li et al. 2001,
Kanda and Li 2006). Li et al. (2001) improved the tensile
strain capacity of a PVA fiber-reinforced cementitious
composite by proper oil-coating of the PVA fiber, which
decreased the tendency of hydrophilicity of the fiber and the
chemical bond between the PVA fiber and the matrix,
proving the fiber-matrix tailoring concept. From earlier
work (Li et al. 2001) and the test results, we concluded that
a higher tensile stain capacity of a PBO fiber-reinforced
composite is attainable by tailoring the surface properties of
the PBO fiber. Another reason for the lower tensile strain
capacity of the PBO fiber series composites was that the
elastic modulus of the PBO fiber was higher than that of the
PE fiber. In fact, the elastic modulus of the PBO fiber was
1.61 times higher than that of the PE fiber. The elastic
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Fig. 4 Stress performance index (ratio of the tensile strength
to the first-cracking strength)

deformation of the fiber depends on the elastic modulus
under the same amount of stress. Therefore, the elastic
deformation of the PBO fiber at the crack plane was 0.62
times less than that of the PE fiber. Low elastic deformation
of the fiber at the crack plane induced a low crack width,
which resulted in low permeability and improved durability.
However, it induced a low tensile strain capacity.

The tensile strain capacity of the PE fiber series and
PBO fiber series composites increased with a decrease in
the water-to-binder ratio. On the other hand, the maximum
tensile strain capacity of the PP fiber series composites was
observed when the water-to-binder ratio was 0.45. The PP-
0.45 mixture had a higher tensile strain capacity than the
PP-0.55 mixture and the PP-0.35 mixture, as seen in Table
7. Although the PBO fiber had a higher tensile strength and
a higher aspect ratio than the PE fiber, the PBO fiber series
composites had a lower tensile strain capacity than the PE
fiber series composites. These test results confirmed that a
high tensile strain capacity is attainable by adopting an
appropriate matrix strength level when a type of fiber with
low tensile strength is used as a reinforcing fiber and when
the interfacial property is the main factor influencing the
tensile strain capacity of the composite.

Kanda and Li proposed what can be referred to as a two-
performance index, i.e., a stress performance index and an
energy performance index, to express the potential of the
strain-hardening behavior with multiple saturated cracks
(Kanda and Li 2006). The stress performance index is
defined as the ratio of the maximum fiber bridging stress to
the cracking strength of the composite. The energy
performance index is defined as the ratio of the
complementary energy that can be calculated from the fiber
bridging curve to the fracture toughness of the matrix. A
higher tensile strain capacity is achievable with higher
performance indices. It is necessary to undertake a matrix
fracture toughness test and a single fiber pullout test to
evaluate the performance index on the micromechanical
scale. The stress performance index can be calculated
indirectly from the ratio of the tensile strength to the first-
cracking strength.

Fig. 4 shows the stress performance index for each
mixture. All mixtures had a stress performance index
exceeding 1, indicating that all the mixtures satisfied the
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Fig. 5 Crack patterns (unit of numbers: cm): (a) PP-0.35, (b)
PE-0.35, and (c) PBO-0.35

minimum requirement of the stress performance index for
the strain-hardening behavior with multiple saturated
cracks. The PE fiber series composites with a higher tensile
strain capacity exhibited a higher stress performance index
than the PP and the PBO fiber series composites. Overall,
the composites with a higher stress performance index
demonstrated higher tensile strain capacities. These test
results experimentally confirmed that the stress
performance index is strongly correlated with the tensile
strain capacity.

Fig. 5 shows the crack patterns of the PP, PE, and PBO
fiber-reinforced composites with a water-to-binder ratio of
0.35. All specimens had multiple micro-cracks and one
large crack at which arises the failure plane and the
minimum fiber bridging capacity. Although all three
specimens showed multiple cracks, the crack patterns were
quite different. The PP-0.35 mixture had a smaller number
of cracks with greater crack widths and spacing distances
than the PE-0.35 mixture. On the other hand, the PBO-0.35
mixture had a greater number of cracks with smaller crack
widths and spacing distances than the PE-0.35 mixture.

Fig. 6 shows the number of cracks for each mixture. The
number of cracks in the PBO-0.45 and PBO-0.55 mixtures
could not be counted because the crack width of those
specimens were too narrow. The average number of cracks
in the PE fiber series composites with identical water-to-
binder ratios was 5.9 times higher than that of the PP fiber
series composites, and the average number of cracks of the
PBO-0.35 mixture was 1.9 times higher than that of the PE-
0.35 mixture. It can be assumed that all deformations occur
at cracks because the deformation of the matrix is much
smaller than the crack opening. Thus, the tensile strain
capacity of a composite depends on the number of cracks
and the crack width. Therefore, the higher the number of
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cracks and the wider the crack widths (up to critical crack
width, in most cases less than 100 um), the higher the
potential of the tensile strain capacity. It was observed that
the number of cracks in the PP-0.45 mixture, which had the
highest tensile strain capacity among the PP fiber series
composites, was higher than those of PP-35 and PP-55
mixtures, and the number of cracks in the PE fiber series
composites increased with an increase in the tensile strain
capacity.

Fig. 7 shows the crack spacing of each mixture. The PE
fiber series composites and PBO-0.35 mixture showed
saturated crack patterns. The average crack spacing of the
PE fiber series composites was 2.1 mm and the average
crack spacing of PBO-0.35 mixture was 0.86 mm, which
was 48 % lower than that of the PE-0.35 mixture. On the
other hand, the average crack spacing of the PP fiber series
composites was 10.3 mm, which was 5.0 times higher than
that of the PE fiber series composites.

Fig. 8 shows the average crack width of each mixture. It
was observed that crack width of the PP fiber series
composites was influenced more by the water-to-binder
ratio compared with the PE fiber series composites. The
average crack width of the PE fiber series composites was
85.4 um. The average crack width of the PP fiber series
composites was 144.6 um, which was 1.7 times higher than
that of the PE fiber series composites. The average crack
width of the PBO-0.35 mixture was 17.2 um, which was
80% lower than that of the PE-0.35 mixture. As described
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Fig. 8 Crack width

above, a small crack width could result in lower
permeability and therefore increase the durability
performance. However, it also influenced the tensile strain
capacity of the composite, which should therefore be
optimized according to the target performance in terms of
durability and ductility.

4. Conclusions

This study experimentally investigated the tensile
behavior of alkali-activated slag-based cementless
composites reinforced by synthetic fibers. We performed a
series of experimental tests, including a compressive
strength test and a uniaxial tension test. From the
experimental test results, it was exhibited that the PE fiber
series composites had the highest tensile strain capacities
among the three types of fiber series composites, a tight
crack width of below 100 um, and saturated crack patterns.
On the other hand, the PP fiber series composites
demonstrated lower tensile behavior in terms of the tensile
strength and tensile strain capacity as compared to the PE
fiber series and the PBO fiber series composites. The PP
fiber series composites also had wider crack widths than the
PE fiber series and PBO fiber series composites. Although
the PBO fiber had higher tensile strength by 91% than the
PE fiber, the tensile strength of the PBO fiber series
composites had only higher tensile strength by 25% on
average than the PE fiber series composites, and the PBO
fiber series composites had a lower tensile strain capacity
by 70% on average than the PE fiber series composites. We
attributed this to the excessively strong bond between the
PBO fiber and the matrix and to the high elastic modulus of
the fiber. However, the fact that the number of cracks in the
PBO-0.35 mixture was 92% higher than that in the PE-0.35
mixture demonstrated that the potential to improve the
tensile strain capacity and tensile strength of the PBO fiber
series composites is high when tailoring the interfacial
properties between the PBO fiber and the matrix.
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