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Information on the effect of age on the tensile behavior of fiber-reinforced alkali-activated slag-based composite is fairly limited.
0erefore, the purpose of this study is to experimentally investigate the effect of age on the compressive strength and tensile
properties of the fiber-reinforced alkali-activated slag-based composite. A binder including slag and alkali activators, chemical
admixtures, and a reinforcing fiber were selected, and the mixture proportion was determined to make a fiber-reinforced alkali-
activated slag-based composite with high ductility. Compressive strength and tensile strength tests were performed, and values
were measured at 3, 5, 7, 14, 28, and 90 days. Test results showed that the compressive strength increased as the age increased.
Although the first-cracking strength increased like the compressive strength, the increases of tensile strength and tensile strain
capacity were not significant compared with those of compressive strength and first-cracking strength.

1. Introduction

More concrete is produced and consumed than any other
synthetic materials on earth, and the amount of concrete
used as a construction material is nearly twice that of all
other industrial construction materials combined, including
wood, iron, plastic, and aluminum [1]. 0is is attributed to
the fact that concrete has high compressive strength and
high durability; it is also inexpensive compared to other
construction materials. Concrete, however, exhibits rela-
tively low tensile strength—approximately 10% of its
compressive strength—and inherently brittle behavior [2].
To overcome these mechanical limitations, fiber-reinforced
concrete incorporating discrete short fibers has been de-
veloped [3–6]. Recently, a highly ductile fiber-reinforced
cementitious composite has also been developed; this ma-
terial is characterized by high ductility and strain-hardening

behaviors [7]. Another problem of concrete is the large
amount of carbon dioxide emitted during its manufacture
[8]. It has been reported that the cement industry emits
approximately 5% of total human-produced carbon dioxide
[9, 10].

Many researchers have investigated methods to reduce
the amount of cement used or even to develop cement-free
concrete utilizing pozzolanic and latent hydraulic materials
[11–16]. Recently, in an effort to simultaneously improve
both the mechanical properties and the environmental as-
pect of concrete, studies have been conducted on high-
ductility cement-free composites using alkali-activated
binders and synthetic fibers. Lee et al. demonstrated the
feasibility of using the alkali-activated slag binder and
polyvinyl-alcohol fibers to produce a highly ductile cement-
free composite [17]. 0is composite exhibited a tensile
ductility of over 4%, while its compressive strength was
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similar to that of typical concrete. Ohno and Li used the
alkali-activated fly ash binder and polyvinyl-alcohol fibers to
develop a composite with mechanical properties similar to
those of a highly ductile alkali-activated slag-based com-
posite [18]. Choi et al. used alkali-activated slag binders and
polyethylene (PE) fibers to manufacture an ultrahigh-per-
formance composite with a compressive strength of 55MPa,
tensile strength of 13MPa, and tensile strain capacity as high
as 7.5% [19]. Both highly ductile cement-based composites
and highly ductile cement-free composites are hardened by
the reaction between binders and water, and thus, their
mechanical properties can vary depending on curing age. As
in typical concrete, the strength of a highly ductile cement-
based composite is known to increase with time; however, it
has been reported that its tensile strain capacity behaves in a
different manner.

Figure 1 shows the tensile strain capacity of the highly
ductile cement-based fiber-reinforced composite over time.
Previous studies have shown that ductility increases until a
certain age and decreases later until the 28-day age, after
which it starts to converge [20, 21]. However, to the best of
the authors’ knowledge, information concerning the effect of
age on the tensile behavior of the alkali-activated slag-based
composite is fairly limited.0erefore, the present study aims
to experimentally investigate the effect of age on the com-
pressive strength and tensile properties of the fiber-rein-
forced alkali-activated slag-based composite.

2. Materials and Methods

2.1. Materials and Mixture Proportion. 0e materials and
mixture proportions of the fiber-reinforced alkali-activated
slag-based composite investigated in this study are listed in
Table 1. Ground-granulated blast furnace slag (GGBS) was
used as a source material, and calcium hydroxide and so-
dium sulfate were used as alkali activators. Slag powder of
Type III with the fineness value of 4.320 cm2/g, as defined in
KS F 2563, was applied, and its density was 2.92 cm3/g. Its
chemical composition was investigated using X-ray fluo-
rescence (XRF) analysis, whose results are listed in Table 2.
To stimulate the latent hydraulic property of the GGBS,
powder-type calcium hydroxide and sodium sulfate were
added as alkali activators. To ensure the homogeneous
distribution of fibers and appropriate fluidity of the mixture,
a superplasticizer (SP) was added, and a defoamer was also
used to minimize unintended large pores that might form
during the manufacturing of test specimens and influence
the compressive strength and tensile behavior.0e defoamer
used in this study was a mixture of surface active agents and
mineral substances without silicone.0e PE fiber with a high
strength up to 2.700MPa and a high aspect ratio of 1.500 was
used as a reinforcing fiber; the physical properties of the fiber
are listed in Table 3.

2.2. Specimen Preparation and Curing Method. To manu-
facture test specimens, powder-type slag and alkali activators
were subjected to dry mixing in a planetary mixer for one
minute. Subsequently, mixing water was added, and

chemical admixtures, including HRWRA and defoamer,
were added and mixed for another three minutes. After
ensuring that the paste was uniformly mixed and had proper
viscosity to uniformly distribute added fibers, fibers were
gradually inserted into the paste. After all fibers were added,
the mixture was mixed for another four minutes. After
mixing was completed, 18 cube specimens with dimensions
of 50mm× 50mm× 50mm were manufactured for com-
pressive strength tests, i.e., three specimens for each age
condition: 3-day, 5-day, 7-day, 14-day, 28-day, and 90-day
ages. For the evaluation of tensile behavior, 24 test specimens
were produced, i.e., four for each age condition. 0e di-
mensions of the specimens followed the recommendations
of the Japan Society of Civil Engineers (JSCE) [22]. 0e
gauge length of specimens was 80mm, and the dimensions
of the cross section within the gauge length were uniform
(13mm× 30mm). 0ese manufactured specimens were
cured at (23± 3)°C and a relative humidity of (60± 5)% for
two days before being demolded. 0e demolded specimens
were then cured under water in a curing container at a
temperature of (23± 3)°C for every testing day.

2.3. TestMethods. Density was measured to assess the effect
of pores on strength depending on the manufacturing
process or curing age. 0is was calculated by measuring the
weight of specimens both in water and in air. Compressive
strength was measured in accordance with ASTM C109-07
[23], and the uniaxial tensile test and test setup were
performed in accordance with JSCE recommendations
[22]. An electric universal testing machine with a maxi-
mum capacity of 20 kN was used, and the test was carried
out under displacement control at a loading rate of 0.1mm/
min. Load was measured using a load cell attached to the
machine; for displacement measurement, jigs were in-
stalled on the upper and bottom sides of the specimen,
where its cross section (30mm× 13mm) remained con-
stant, and two linear variable differential transducers
(LVDTs) were also attached there [24, 25].0e deformation
of specimens occurring within the gauge length of 80mm
was measured by LVDTs, and the resulting two displace-
ment measurements were averaged to calculate the average
strain of each specimen. 0e stress was calculated by di-
viding the measured load obtained from the load cell by the
cross-sectional area of the specimen (390mm2), and the
strain was calculated by dividing the measured deformation
by 80mm.

3. Results and Discussion

3.1.DensityandCompressive Strength. 0emeasured density
and compressive strength of the composite are listed in
Table 4. Based on the density of each component and the
mixture proportion, the theoretical density was found to be
2.06 g/cm3. When this value was compared to the density
data measured at each age, the difference was within 0.5% for
all curing ages. 0is result suggests that unintended large
pores were not generated in the specimens that were pro-
duced in accordance with the manufacturing procedures
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used in the present study; thus, it was possible to neglect the
effects of such pores on the strength.

As expected, compressive strength tended to gradually
increase with curing age. 0e strength development of the
composite was compared with models suggested by fib
Model Code 2010 [26] and ACI Committee 209 [27] (Fig-
ure 2). 0e strength class of cement of 42.5N was selected
from the fib model because the compressive strength of the

composite was 47.8MPa. 0erefore, 0.25 was selected as the
coefficient(s). In the ACI model, α and β were 4.0 and 0.85,
respectively. As can be seen in Figure 2, until 28 days, the
composite showed faster strength development than was
found when using the fib and ACI models, while the sample
showed similar strength development thereafter. 0is in-
dicates the potential that the composite investigated in this
study may show convergence of tensile behavior faster than

Table 3: Properties of fibers.

Type of fiber Diameter (μm) Length (mm) Tensile strength (MPa) Density (g/cm3) Elastic modulus (GPa)
PE 12 18 2.700 0.97 88
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Figure 1: Tensile strain capacity of the highly ductile cement-based fiber-reinforced composite with time: (a)Wang and Li [21]; (b) Li and Li [20].

Table 1: Mixture proportions.

Mixture
Binder

Water SP Defoamer Fiber (vol.%)
GGBS Ca(OH)2 Na2SO4

PE-AAS 0.895 0.075 0.030 0.25 0.014 0.001 1.75
Note. Weight ratios of binder weight except fiber.

Table 2: Chemical compositions of GGBS (%).

CaO SiO2 Al2O3 MgO SO3 TiO2 K2O Fe2O3 MnO Na2O Others
40.4 30.6 13.8 8.0 4.0 0.9 0.5 0.5 0.5 0.4 0.4

Table 4: Density and compressive strength.

Age (days) 0eoretical density (g/cm3) Measured density (g/cm3) Compressive strength (MPa)
3 2.06 2.07± 0.01 34.0± 1.6
5 2.06 2.06± 0.01 37.4± 0.8
7 2.06 2.07± 0.01 38.9± 1.0
14 2.06 2.06± 0.01 43.6± 1.4
28 2.06 2.07± 0.01 47.8± 1.5
90 2.06 2.06± 0.01 53.4± 1.0
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that of the highly ductile cement-based fiber-reinforced
composite.

3.2. Tensile Behavior. Figure 3 shows the tensile stress and
strain curves at each age for the composite investigated in
this study. In contrast to normal concrete or fiber-reinforced
concrete, which exhibits strain softening after the occur-
rence of an initial crack, the composite manufactured in this
study showed multiple-cracking, strain-hardening, and
ductile behaviors. For all ages, the occurrence of cracks led to
sudden stress drop because load was applied under dis-
placement control. Each time a crack formed, the width of
the crack instantaneously increased, thereby relaxing the
stress on other parts of the specimen and thus resulting in a
decrease in load. 0erefore, the number of load or stress
drop events corresponded to the number of cracks.

0e reason why cracks occur in a consecutive manner is
that the cracking strength of a specimen varies depending on
crack position within the specimen. Meanwhile, strain
hardening occurs when the fiber-bridging stress exceeds the
cracking strength of the composite, and this continues as
long as this condition is satisfied. 0is is called the strength
condition, and it is quantitatively evaluated using the stress
performance index, which is calculated according to the
ratio of the tensile strength to the first-cracking strength
[28]. For multiple cracking and strain hardening to occur,
aside from the above strength condition, one energy con-
dition should also be satisfied, as follows: the amount of
energy needed for a crack width to increase must exceed the
amount of energy needed for the crack to propagate, thereby
giving rise to steady-state cracks having constant width [29].
In cases in which the maximum fiber-bridging stress is less
than the cracking strength, or the energy condition is not
fully satisfied in a specific part of the specimen, the width of
cracks in the part will continue to increase, thereby causing
localized fractures and further strain softening.

0e tensile behavior of a material can be quantitatively
represented by the first-cracking strength (fcr), tensile
strength (ft), and tensile strain capacity. Table 5 lists the first-
cracking strength, tensile strength, tensile strain capacity,
and toughness of the composite at each age. As can be seen in
Figure 3, the first-cracking strength refers to the stress
measured at the part where a load reduction was first ob-
served in the tensile stress and strain curves. 0e tensile
strength represents the maximum fiber-bridging stress. 0e
tensile strain capacity refers to the tensile strain corre-
sponding to the tensile strength. 0e toughness refers to the
area below the stress and strain curve, which represents the
capacity of the material to absorb energy before its fracture.
In this study, toughness was calculated while considering the
part of each graph where strain-hardening behavior was
observed.

0e first-cracking strength tended to gradually increase
with curing age, as was shown in the compressive strength
analysis. 0is is because the cracking strength of a specimen
is determined by the properties of its matrix, which are
generally proportional to its compressive strength. In Fig-
ure 4, the ratio of the first-cracking strength to the com-
pressive strength is plotted. Although this ratio slightly
decreased with curing age, the difference was not significant
and the values were about 10%. 0is result is similar to that
for normal concrete [2].

0e tensile strength continued to increase until the 7-day
age, decreased by 4.7% at the 14-day age, and started to
increase again later on. After the 7-day age, it alternately
decreased and increased; however, the corresponding co-
efficient of variation was within the range of 8%–15%. Ratios
of the tensile strengths to the corresponding compressive
strengths are shown in Figure 4. Here, all values were over
20% at all ages, and it was found that the ratio gradually
converged after the 14-day age. For normal concrete, this
ratio is as low as 10%. 0is is why, in the ultimate strength
design method, it is assumed that the tensile strength of
concrete is zero. 0e composite investigated in the present
study, however, showed a relatively high ratio of tensile
strength to compressive strength, which means that it has
the potential to improve the performance of structures or
structural members when it is used.

Figure 5 shows the tensile strain capacity of composites
with time. 0e tensile strain capacity of the composite in-
vestigated in the present study increased until the 7-day age
and decreased later until the 28-day age, after which it
started to converge. 0is observation is similar to the report
in the previous study [21]. High-early-strength engineered
cementitious composites using rapid-hardening cement
showed faster convergence in tensile strain capacity [20]. It
should be noted that, for highly ductile cement-based fiber-
reinforced composites, i.e., engineered cementitious com-
posites (ECCs), the 90-day tensile strain capacity was 30%∼
40% lower than the maximum tensile strain capacity,
whereas the 90-day tensile strain capacity of the fiber-
reinforced alkali-activated slag-based composite was only
4.8% less than its maximum value. 0ese results show that
the effect of curing age on the tensile strain capacity is
relatively smaller for the composite investigated in the
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Figure 2: Normalized compressive strength of the fiber-reinforced
alkali-activated slag-based composite with time.
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present study than it is in highly ductile cement-based fiber-
reinforced composites [20, 21]. Furthermore, the fiber-
reinforced alkali-activated slag-based composite showed
approximately two times higher tensile strain capacity than
that of highly ductile cement-based fiber-reinforced com-
posites. It was observed that the toughness of the fiber-
reinforced alkali-activated slag-based composite increased
until the 7-day age and then converged. 0e composite
showed a higher stress performance index exceeding 1 for all
ages, which means that the composite satisfied the minimum

stress performance index for the multiple-cracking and
strain-hardening behaviors.

Figure 6 shows representative crack patterns observed at
each curing age in the fiber-reinforced alkali-activated slag-
based composite specimens. In all specimens, multiple fine
cracks are observed. Also, cracks appear to be more linear
with increasing curing age, and this is because the fracture
mode of their matrix becomes more brittle.

Table 6 lists the number of cracks, the crack spacing, and
the crack width for the fiber-reinforced alkali-activated slag-
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Figure 3: Tensile stress and strain curves: (a) 3 days; (b) 5 days; (c) 7 days; (d) 14 days; (e) 28 days; (f ) 90 days.

Table 5: Uniaxial tensile behavior.

Age (days) First-cracking strength
(MPa)

Tensile
strength (MPa) Tensile strain capacity (%) Toughness (MPa·m/m) Strength performance index

3 3.65± 0.72 9.63± 1.40 6.58± 0.19 0.44 2.64
5 3.79± 0.56 10.70± 1.17 7.03± 0.10 0.51 2.82
7 3.93± 0.57 11.14± 0.79 7.07± 0.56 0.53 2.83
14 4.43± 0.43 10.97± 1.67 6.85± 0.46 0.53 2.48
28 4.58± 0.79 10.98± 0.97 6.81± 0.04 0.53 2.40
90 4.84± 0.91 11.27± 1.49 6.73± 0.53 0.54 2.33
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Figure 6: Cracking patterns (unit of numbers: cm): (a) 3 days; (b) 5 days; (c) 7 days; (d) 14 days; (e) 28 days; (f ) 90 days.
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based composite specimens. Here, the number of cracks
refers to the average number of cracks formed within a gauge
length of 80mm where deformation and strain were mea-
sured. 0e number of cracks formed on both sides of each
specimen was manually counted after the tensile test. No-
tably, this number of cracks is identical to that from the
corresponding tensile strength analysis because no more
cracks were created after the tensile stress reached the tensile
strength. 0e crack spacing was calculated by dividing the
number of cracks by the gauge length. 0e crack width was
determined by dividing the measured deformation within
the gauge length when the tensile strength was reached by
the number of cracks, under the assumption that the entire
deformation within the gauge length is identical to the
summation of all crack openings. 0is is because any crack
opening is much larger than the elastic deformation of the
uncracked matrix.

It was observed that there were variations in the number
of cracks, in the crack spacing, and in the crack width of the
composite with time until the 14-day age; then, the number
of cracks, the crack spacing, and the crack width of the
composite converged. For all ages, saturated cracking pat-
terns were observed. 0e number of cracks was over 80
within the gauge length of 80mm, which means that the
crack spacing is smaller than 1mm. 0e crack width con-
verged to a value below 60 μm after the 14-day age. A
previous study reported that the water permeability co-
efficient of the cementitious composite with cracks whose
width is below 60 μm is on the same order of magnitude as
that of an uncracked cementitious composite [30]. From
these observations, it can be expected that the fiber-rein-
forced alkali-activated slag-based composite investigated in
this study has high durability in terms of water permeability
and water tightness.

4. Conclusion

0is study experimentally investigated the effect of age on
the compressive strength and tensile properties of a PE fiber-
reinforced alkali-activated slag-based composite with high
tensile ductility. A series of experimental tests were carried
out to investigate themechanical properties of the composite
over time. 0e following conclusions can be drawn from the
current experimental results:

(1) 0e compressive strength of the fiber-reinforced alkali-
activated slag-based composite investigated in this
study tended to gradually increase with curing age.
However, the development rate of the compressive

strength of the composite was faster than that predicted
by fib and ACI models. 0e ratio of the first-cracking
strength to the compressive strength was approxi-
mately 10% regardless of age.

(2) 0e tensile strength and toughness of the fiber-
reinforced alkali-activated slag-based composite
increased until the 7-day age and then converged. On
the contrary, the tensile strain capacity of the
composite tended to increase until the 7-day age and
decreased later until the 28-day age, after which it
started to converge. It was shown that the effect of
age was relatively smaller for the composite in-
vestigated in this study than for highly ductile ce-
ment-based fiber-reinforced composites.

(3) 0e number of cracks, the crack spacing, and the
crack width showed a relatively smaller variation and
then converged after the 14-day age. Overall, in
terms of tensile behavior, when compared to the
cement-based composite, the composite investigated
in this study showed a smaller variance, and its
tensile behavior tended to converge after the 14-day
age.
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