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Abstract

This study investigates the fresh and hardened state performance of slag-based self-compacting alkali-activated concretes
(SCAAQC) reinforced with steel fibers (SF) and nano-silica (NS), cured at an ambient temperature. Two different hooked-
end SF with two fiber volumes and NS were used to examine the combined effect of the SF volume ratio, SF aspect ratio,
and NS on the fresh and hardened state performance of SCAAC. In extension, the influence of specimen thickness to
steel fiber length (d/F,) ratio on the failure modes of the bending specimens was evaluated. The fresh state properties
were evaluated via Tsg value, slump flow, V-funnel, and L-Box tests, while the hardened state properties were studied
through compressive strength, splitting tensile strength, modulus of elasticity, and flexural tensile strength tests. The
relationship analyses were carried out among fresh and hardened state properties, and scanning electron microscopy
(SEM) was also conducted to examine the microstructure. The results indicated that fresh state performance was
favorably affected by NS inclusion but adversely influenced by SF content and aspect ratio. The hardened state perform-
ances enhanced with a higher amount of SF volume and an aspect ratio. Also, the NS improved the splitting tensile and
flexural strength but decreased the compressive strength and elasticity modulus of the specimens. The d/F_ ratio was
found a significant parameter on failure modes, and the specimens having a d/F__ ratio of 3.33 showed flexural cracks. In
contrast, the specimens having a d/F|_ ratio of 1.25 exhibited inclined flexural-shear cracks, especially for 1% SF.
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and only 8,400 million tons are recycled. Therefore,
recycling can be a solution to concrete productions.

Some industrial wastes can be recycled through con-
crete technology applications such as ground granulat-
ed blast furnace slag, silica fume, and fly ash. For
several decades, many researchers have practically
used industrial mineral waste as an alternative to the
cement. The cement production process releases a sub-
stantial amount of greenhouse gases into the atmo-
sphere due to the decarbonization of limestone and
the combustion of fossil fuels. Moreover, OPC is con-
sidered as the most energy-requiring material after steel
and aluminum.®* The substantial issues for both the
future of mankind and the cement industry are the
high amount of required energy and the undesirable
effects of CO, on the atmosphere. Therefore, new
friendly environment materials should be used as an
alternative to OPC to solve environmental concerns.>°
Recently, an environment-friendly concrete, geopoly-
mer concrete, has emerged as an alternative material
instead of OPC concrete.””® Geopolymer concrete
(GPC) takes a significant interest due to the consider-
able reduction in both the requirement of natural
resources and the amount of carbon dioxide emissions.
Moreover, geopolymer concrete utilizes to produce
advanced construction materials using a by-product
alumina-silicate composition.”' However, geopolymer
concretes can show some shortcomings, including cost,
carbon dioxide emissions, efflorescence, alkali-silica
reaction, and steel rebar corrosion, depending on the
binder, alkali activator, aggregate types and curing
conditions.'!

Self-compacting concrete (SCC) is a new type of
concrete that its weight can consolidate without need-
ing any external or internal mechanical vibration to fill
the formwork.'? In extension, the resistance to bleeding
and segregation without loss of stability is one of the
most significant interest in the utilization of SCC. The
researchers have investigated the fresh and hardened
state performance of SCC since the 1990s, when used
in the construction industry.'> ' It has been revealed
that the binder content of 500-600 kg/m? is required to
realize the SCC requirements by related guidelines/
standards.'® Furthermore, approximately one ton of
CO, is produced during the production of one ton of
cement; hence the extreme utilization of cement
becomes uneconomical and undesirable. Therefore,
researchers aimed to take advantage of mineral fillers
or by-product cementitious materials like silica fume,
ground granulated blast furnace slag (GGBFS), and fly
ash. These materials are utilized to eliminate the expen-
ditures and improve the workability, flowability, and
mechanical performance of the matrix.'”?® It was
reported from earlier investigations that GGBFS, fly
ash, and silica fume make favorable contributions to

the concrete’s mechanical and/or fresh state properties
as economical and eco-friendly materials.?!*>

The poor tensile strength and ductility of SCC led to
the use of steel fibers to avoid this drawback.>® The
additions of steel fiber (SF) can improve the post-
cracking, ductility, and toughness of the concrete.?'**
In addition, steel fibrous self-compacted concretes
achieve more acceptable cost to benefit ratios than
non-fibrous self-compacted concrete.”® The steel fiber
content and steel fiber aspect ratio are considered the
main factors for the design procedure and optimization
technique to produce the SCC mixes.?*?® Researchers
have revealed that an optimal amount of SF is 1% for
most structures due to economic considerations.?

The inclusion of SF improves the compressive
strength, and this enhancement depends on the steel
fiber content and aspect ratio.’® The improvement of
compressive strength due to the presence of the SF may
become 20% compared to the compressive strength of
specimens without SF.*'*> However, the incorporation
of steel fiber can improve the splitting tensile strength
much more than the compressive strength, and the
improvement in the tensile strength can reach up to
98% depending on the amount of SF.*> The addition
of SF also improves the drying shrinkage by bridging
the micro-cracks created by the restrained shrink-
age.**** Furthermore, the addition of SF provides sig-
nificant improvement regarding the flexural strength,
propagation of cracks, post-failure ductility, and
toughness.>* In addition, the steel fiber increases the
energy absorption and compressive ductility at an
early age.*

Recently, researchers have investigated the utiliza-
tion of nano-silica (NS) in the concrete industry.>¢*°
The concrete quality, mainly depends on the properties
of the interfacial transition zone (ITZ) between aggre-
gate and hardened cement paste. The obtained findings
indicated that the use of NS enhanced the microstruc-
ture and the finer hydrated phases (C—S—H gel) through
the influence of anti-Ca(OH),-leaching. As a result,
nano-filler enhanced the cement paste due to the high
pozzolanic characteristic of NS.**#! The utilization of
NS reduces the overall permeability due to the
enhanced mechanical and durability properties of con-
crete.>374243 Cost is a crucial issue in the construction
industry. Although at a higher initial cost, the addition
of small dosages of NS can be cost effective due to the
enhanced mechanical and durability performance.
Moreover, constructional workers could be exposed
to nanomaterials, particularly by inhalation or dermal
contact, during many operations like mixing, material
handling, coating applications, and finishing opera-
tions.** Therefore, some precautions, such as ventila-
tion of the area, wearing protective masks, gloves, and
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glasses, should be taken as safety procedures during a
large number of construction operations.

Although there are several studies regarding ordi-
nary SCC, there are a few or limited investigations
related to the fresh and hardened state properties of
SCAAC. Therefore, the research investigates the influ-
ences of combined utilization of nano-silica and steel
fiber on the flowability, passing ability, and mechanical
performances of GGBFS based SCAAC specimens
cured at ambient environment. In addition, the
sample thickness to steel fiber length (d/Fp) ratio is
considered a significant parameter influencing the flex-
ural strength and failure modes of the steel fiber rein-
forced concretes. In this research, the effects of two d/
Fy ratios (3.33 and 1.25) on the failure modes of the
steel fiber reinforced SCAAC specimens were studied,
and cracking patterns were investigated in detail by
considering steel fiber content, aspect ratio, and the
existence of NS. Also, the relationship analyses
between fresh and hardened state performance were
conducted, and scanning electron microscope (SEM)
analysis was carried out on a micro-scale.

Experimental methods

SCC ingredients

For the production of slag-based self-compacted alkali
activated concretes (SCAAC), ground granulated blast
furnace slag material was utilized with a specific gravity
of 2.7 g/em® and a specific surface area of 418 kg/m>. In
addition, the effect of nano-silica (NS) was investigated
for the scope of the research. The specific surface and
specific gravity of NS material were 150000 kg/m? and
2.2g/em’.

The NS amount was utilized as 2% by weight of the
GGBFS material. Table 1 indicates the chemical com-
positions and physical characteristics of NS and
GGBFS. In addition, two types of steel fiber (SF1
and SF2) were utilized to investigate the effect of
steel fibers on the mechanical strength of the
SCAAC. For this purpose, two different steel fiber
lengths and aspect ratios were used. The lengths were
30 mm and 60 mm; aspect ratios were 40 and 80 for SF1
and SF2, respectively. Three different steel fiber vol-
umes (0.5%, 1%, and 1.5%) were utilized for each
SCACC specimen.

Table I. The properties of the nanosilica and slag materials.

For the SCACC production, ten different SCACC
mixtures were designed using short and long fibrous
specimens with Vi ratios of 0, 0.5%, and 1%, and NS
ratios of 0% and 2%. The Master Glenium 51, a
polycarboxylate-based superplasticizer, was utilized to
obtain desired workability and flowability. The crushed
stone with a maximum grain size of 16 mm and fine
aggregates were utilized in the production of SCAAC.
Table 2 presents the physical properties and the sieve
analysis of the used aggregates. For the alkali activa-
tion of SCAAC mixes, a mixture of sodium silicate (SS)
and 12M sodium hydroxide (SH) was utilized with a
SS/SH ratio of 2.5. As investigated in the earlier inves-
tigations, the optimum SS/SH ratio was found to be in
the range of 1.5 to 2.5 for economic reasons.*
Therefore, a SS/SH ratio of 2.5 was chosen in this
research. The SS solution (SiO,: 29.4%, water:
55.9%, and Na,O: 13.7%, by weight) and the SH
with a 97%-98% purity was commercially obtained
from a local market. It was reported in the literature
that the optimum SH molarity was 12M*® for better
mechanical and durability performance of self-
compacting AAC specimens; therefore, SH molarity
was also selected as 12 M in this study.

Mix design

For the preparation of the slag-based SCACC speci-
mens, two series were produced. One of the series
was without nano-silica (NS0), and the other one
involved 2% NS (NS2). Table 3 illustrates the used
material amounts for 1m® SCAAC specimens. The
total binder amount was chosen as 500kg/m”. Steel
fibers, SF1 (30 mm) and SF2 (60 mm length), were uti-
lized with ratios of 0.5% and 1%. The steel fiber
volume ratios of 0.5% and 1% were selected to
obtain self-compacting concrete properties as indicated
in the previous study.*” The weight increases of steel
fibrous specimens for 0.5% and 1% steel fiber volumes
were 39 kg/m3 and 78 kg/m’, respectively, which corre-
sponds to 1.5% and 3% weight increases compared to
non-fibrous specimens. Therefore, the weight increase
due to the steel fiber incorporation should be consid-
ered in the structural design phases, resulting in higher
lateral (earthquake) loads.

The characteristics of the self-compacting concrete
are mainly influenced by binder type and amount,
alkali activator type and content, maximum grain size

Loss of Specific Blain fineness
Materials CaO SiO, Al,O; Fe,O3 MgO SO; K,O Na,O ignition gravity (mzlkg)
NS (%) - 99.80 - - - - - - <1.00 2.20 -
GGBFS (%) 34.12 36.40 11.39 1.69 10.30 0.49 3.63 0.35 1.64 2.79 418
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Table 2. The sieve analysis and physical properties of aggregates.

Fineness Specific

Sieve size (mm) 16 8 4 2 | 0.5 0.25 modulus gravity Absorption
Fine aggregate 100 100 100 67.3 39.9 28.40 16.4 2.57 245 1.5
Coarse aggregate 100 31.5 I 0.5 0.5 0.5 0.4 5.66 2.72 24
Table 3. Material amounts for the SCAAC mixes (kg/m®).

Fine Coarse Extra
Mixture Na,SiO3 + NaOH Slag NS SF aggregate aggregate Molarity (M) SP (%) water (%)
OSFINSO 250 500 0 0 860.07 738.12 12 7 10
0.5SFINSO 250 500 0 39.2 860.07 738.12 12 7 10
I.OSFINSO 250 500 0 784 860.07 738.12 12 7 10
0.5SF2NSO 250 500 0 392 860.07 738.12 12 7 10
I.OSF2NSO 250 500 0 784 860.07 738.12 12 7 10
OSFNS2 250 490 10 0 858.49 736.76 12 7 10
0.5SFINS2 250 490 10 39.2 858.49 736.76 12 7 10
I.OSFINS2 250 490 10 784 858.49 736.76 12 7 10
0.5SF2NS2 250 490 10 39.2 858.49 736.76 12 7 10
I.OSF2NS2 250 490 10 784 858.49 736.76 12 7 10

(Dmax), steel fiber volume fraction, and steel fiber
aspect ratio. In addition, it was found in the earlier
investigation that mechanical properties of the steel
fibrous SCC specimens are also influenced by sample
thickness/steel fiber length ratio (d/Fy).*’

During mixing, dry ingredients (binder and aggre-
gates) were mixed for 2 min. Then, the superplasticizer,
extra water, and alkali activators were added into the
mixer in one minute and mixed for 2 min. Finally, the
SCAAC mixture was further mixed for 3 min to obtain
a uniform and homogeneous mixture.

The fresh properties tests of SCAAC mixes

The fresh state tests; L-box test, V-Funnel test, slump
flow diameter, and slump flow time (Tsy) were con-
ducted to check the requirements of passing ability
and flowability properties of the steel fiber reinforced
SCAAC mixes by EFNARC committee.*® The L-Box
test measured the passing ability, flowability and vis-
cosity were measured via slump flow and V-funnel
tests. For slump flow tests, flow dimensions along
both x and y directions were measured, and Ts, time,
that flow dimension arrives at 50cm, was recorded.
Meanwhile, SCAAC mixes were poured into the V-
Funnel section, and the discharge duration from the
V-funnel section was recorded. The passing ability
between narrower openings was measured via the
L-box test. The ratio of the lateral section height to
vertical section height (PL value) yields the passing
ability value of the fresh mixes.

Curing conditions

After casting of the specimens, the top face of the sam-
ples was coated with a plastic sheet to hinder alkali
activator evaporation. Then, the SCAAC samples
were demolded 24h later and put in the laboratory
medium at 23 +2°C for 28 days. The previous investi-
gation reported that slag-based alkali-activated con-
cretes can be utilized in structural applications
without oven-curing or water curing.*’ Therefore,
oven-curing or water curing was not applied to the
specimens.

The hardened properties

The compressive strength tests were executed to evalu-
ate the effects of steel fiber and nano-silica utilization
together with the strengths of SCAAC samples. The
100 mm x 100 mm x 100 mm cubic SCAAC samples
were produced to obtain compressive strength values
by ASTM C39 standard.”® In addition, 100mm x
200mm cylinder specimens were used to evaluate
both elasticity modulus and splitting tensile strength
of the SCAAC specimens according to ASTM C496
standard. The upper surface of the cylinder specimens
was capped with sulfur by ASTM C617 to obtain a
smooth surface before loading. Moreover, four-point
flexural tensile strength tests were executed on
100 mm x 100 mm x 500 mm fiber-reinforced SCAAC
prismatic specimens via displacement-controlled load-
ing with a rate of 0.02 mm/min. Three linear variable
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displacement transducers (LVDT) were used to evalu-
ate the deflection of specimens.

Result and discussions

The fresh properties of SCAAC

Table 4 summarizes the fresh state properties of the
SCAAC specimens. The results indicated that mini-
mum flowability was obtained at 659 mm for the
1.0SF2NSO mixtures, which satisfied the minimum
flowability requirements of EFNARC specification
(550mm)*® and EN 12350-8 standard (600 mm).>!
The PL value should be higher than 0.8 according to
the indicated regulation/standard for the L-box tests.
The results showed that all PL values of the SCAAC
mixes were found higher than 0.8, satisfying the
required passing ability. Regarding the V-funnel test,
the discharge duration is allowed to be a maximum of
15s to achieve excellent filling properties. The results
indicated that non-fibrous and 0.5 steel fibrous speci-
mens (approximately) satisfied this criterion. However,
for further steel fiber inclusion (1%), the discharge time
was higher than 15s, and it was 24 s (maximum) for the
1.0SF2NSO specimens. However, no blocking was
observed for 1% steel fiber reinforced SCAAC mix-
tures. The standard*® suggests that the Ts, duration

Table 4. The fresh state properties of SCAAC mixtures.

Mixture Slump flow (mm) L-box  V-funnel Tso
OSFINSO 741 | 10.71 2.46
0.5SFINSO 707 0.96 14.25 3.13
ISFINSO 664 0.83 19.91 3.63
0.5SF2NSO 693 0.94 17.09 3.37
ISF2NSO 659 0.8l 23.49 4.07
OSFNS2 750 | 9.25 221
0.5SFINS2 720 0.97 13.88 2.87
ISFINS2 687 0.85 18.33 3.59
0.5SF2NS2 710 0.96 16.62 3.23
ISF2NS2 661 0.82 22.61 3.97
750 ==0.0%NS
= ©-2%NS
=
E 730
: \
=910
g
# 690
670
650
OSF 0.5SF1 ISF1 0.5SF2 ISF2

Mixtures

Figure |. The effect of nanosilica and steel fiber lengths and
amounts on the flowability results of SCAAC.

of the mixes should be lower than 65 for the high flow-
ability of the self-compacting mixes. The results indi-
cated that the Tso, duration of all SCAAC mixes
satisfied the criterion of 6s, indicating that SCAAC
mixes have adequate flowability characteristics.

The effects of NS and SF type and amounts on flowability.
Figure 1 indicates the slump flow values for each dif-
ferent mix. The results indicated that 2% NS addition
slightly improved the slump flow values. However, the
slump flow of the mixes reduced with an increase in the
steel fiber content. The 1% steel fiber reinforced
SCAAC specimens exhibited poor performance. In
addition, the slump flow of the SCAAC mixes reduced
with an increase in the length of SF and aspect ratios.
The long steel fiber (60 mm) reinforced SCAAC mixes

(SF2) showed slightly more poor flowability perfor-
mance than the short steel fiber (30 mm) reinforced
SCAAC mixes. The measured slump flow values were
in the range of the values of EFNARC specification.*®
Therefore, it can be concluded that the SCAAC mixes
are suitable for structural applications like columns,
beams, and slabs.

Effects of nanosilica and steel fiber on T5, duration. Figure 2
shows the Tsy durations of the SCAAC mixes. The
lowest Tso duration was obtained from the specimens
without SF and 2% NS, indicating the highest flow-
ability. The Tsy duration increased with the further SF
amounts (1%). Furthermore, Ts, duration was more of
long steel fiber (60 mm) reinforced specimens than
short steel fiber (30 mm) reinforced specimens. The
highest Ts, duration and the lowest flowability were
obtained from the 1SF2NSO specimens. In general,
similar results were obtained with the slump flow
values regarding Ts, durations.

Effects of steel fibers and nanosilica on V-funnel flow. Figure 3
(a) shows the V-funnel discharge durations of SCAAC
mixes. The lowest V-funnel discharge time was
obtained for the specimens with NS and without steel

4.50
~-0.0%NS

—_ -O-2%NS
S 4.00 3
=
£
> 350
z
=
= =
]
= 3.00
&

2.50

C
2.00

0OSF 0.55]‘“[’)[_ 1SF1 0.5SF2 1SF2

ixtures

Figure 2. The influences of steel fiber and nanosilica on T50
duration of the SCAAC.
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Figure 3. The combined effect of SF and NS on the V-funnel time (a), Tso flow time vs V-funnel relationships (b). (a) The effect of SF

and NS on V-funnel duration. (b) V-funnel versus Tso flow time.

fiber, while the highest discharge time was recorded for
the specimens without NS and with 2% SF.

Similar to slump flow and Tso duration, V-funnel
discharge time also increased with an increase in the
steel fiber volume ratio (1%). In addition, specimens,
including 60 mm steel fibers (SF2) showed higher V-
Funnel discharge duration than the specimens, includ-
ing 30mm steel fibers (SF1), indicating that longer
fibers and higher aspect ratios caused a decrease in
flowability. Similar results were also obtained from
SCC specimens in the previous study.>

Figure 3(b) presents V-funnel discharge duration
and Tsq flow duration relationships. The obtained
results indicated that all SCAAC mixes were in the
region of VS2/VF2 classification,*® which has a low
formwork pressure and good resistance to segregation
and bleeding.

Effects of steel fiber and nanosilica on the L-box test. The L-
Box represents the passing ability of SCAAC mixtures
through the tight spacings (41 +1mm). The passing
ability was measured by dividing the horizontal
height of mixes to the vertical height of the mixes
(H,/H;). For the passing ability criteria, the H,/H;
ratio should be above the ratio of 0.8 according to
the related regulations/standards. Figure 4 presents
the L-box test results for the SCAAC mixes. The supe-
rior passing ability was obtained in the specimens with-
out steel fibers, whereas poor performance was
observed for the specimens, including 1% long steel
fiber (SF2). The passing ability of the SCAAC mixtures
reduced as the steel fiber volume ratio (Vy) increased in
the SCAAC mixes. In addition, the higher steel fiber
length and aspect ratio decreased the passing ability of
the SCAAC mixes. The NS addition slightly improved
the passing ability properties of the SCAAC mixes.

1.00

==0.0%NS
“O-2%NS
£ 095
B
E
g
=
= 0.90
=
2
vl
0.85 +
0.80

0OSF 0.58F1 M 1SF1 0.58F2 1SF2

ixtures

Figure 4. The variation of the L-Box ratio with SF and NS
contents.

Therefore, the incorporation of NS into the SCAAC
mixes is recommended to achieve superior fresh state
properties.

Hardened state performance of SCAAC specimens

Compressive strength. Figure 5 shows the specimens
before and after compressive strength tests. The cube
specimens were loaded under uniaxial compressive
stresses with a loading rate of 0.6 MPa/s. Table 5 and
Figure 6 illustrate the hardened state performance and
compressive strength values of the SCAAC specimens,
respectively. The results pointed out that NS addition
slightly decreased the compressive strengths of the
SCAAC samples. It may be attributed to the unreacted
NS particles that cause self-dehydration and cracks in
the matrix, reducing compressive strengths of the
samples.*>>?

Meanwhile, the steel fiber addition enhanced the
compressive strength of the SCAAC samples. The com-
pressive strength improvement was obtained as 5% and
9% for SF 1 and SF2 specimens with a steel fiber ratio
of 0.5%, respectively. In comparison, the improvement
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Before Test After Test

Figure 5. The specimens before and after compressive strength
tests.

Table 5. Hardened state properties of SCAAC specimens.

was 9% and 13% for SF1 and SF2 specimens with a
steel fiber ratio of 1%, respectively. The compressive
strength improvement due to the steel fiber inclusion
was also found in the earlier investigations.>*>
Meanwhile, the obtained results also indicated that
the higher steel fiber aspect ratio (80) also increased
compressive strengths of the SCAAC samples, and
the highest compressive strength was obtained for the
1% long steel fibrous (high aspect ratio) SCAAC speci-
mens without NS (1SF2NSO0). The favorable effect of a
high aspect ratio on the compressive strength of the
specimens was also reported in the earlier investiga-
tions.>* >

Modulus of elasticity. Table 5 presents the modulus of
elasticity test results of the cylindrical specimens. The
results indicated that the modulus of elasticity was in
the range of 20.49 GPa to 33.11 GPa for slag-based
SCAAC specimens. The highest elasticity modulus
was obtained fromr the ISF2NSO specimens, while
the lowest elasticity modulus was obtained from the
OSFINS2 specimens, indicating similarity with com-
pressive strength test results. Moreover, the influence
of nano-silica and steel fiber on the modulus of elastic-
ity results was similar to the effects on compressive
strength results. It was found that the NS incorpora-
tion decreased the modulus of elasticity results of the
specimens, which may be attributed to unreacted NS
particles in the matrix.

Splitting tensile strength. Figure 7 illustrates the variation
of splitting tensile strength results of cylindrical
SCAAC specimens with and without NS and SF. The
results indicated that the splitting tensile strength of
SCAAC specimens increased with an increase in SF
content and aspect ratio. The splitting tensile strength
values increased about 39% for 1ISFINSO and 62% for
ISF2NSO specimens with respect to splitting tensile
strengths of non-fibrous specimens. The favorable

Steel fiber Comp. Mod. of Max.

Steel fiber volume strength  elasticity ~ Splitting tensile  load Net flexural Disp.
Mixtures aspect ratio  fraction NS%  (MPa) (GPa) strength (MPa) (KN) strength (MPa)  (mm)
OSFINSO 0 0 0% 60.95 20.73 343 865 3.89 0.82
0.5SFINSO 40 0.5 0% 64.30 22.15 3.92 877 394 23.00
I.OSFINSO 40 1.0 0% 66.93 29.09 4.76 1025 4.6l 31.00
0.5SF2NSO 80 0.5 0% 66.52 24.39 4.36 9.10 4.10 30.50
I.0SF2NSO 80 1.0 0% 69.08 33.11 5.55 13.67 6.15 40.00
OSFINS2 0 0 2% 59.73 20.49 3.29 796 358 .12
0.5SFINS2 40 0.5 2% 61.41 23.25 4.90 886 4.03 27.00
I.OSFINS2 40 1.0 2% 62.53 26.65 5.42 1093 492 37.00
0.5SF2NS2 80 0.5 2% 62.72 23.62 5.62 1223 5.50 37.25
I.OSF2NS2 80 1.0 2% 66.12 31.41 6.32 14.67  6.60 46.30
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Figure 7. The effect of steel fiber and nanosilica on the splitting
tensile strengths of SCAAC specimens.

influence of steel fibers on the splitting tensile strength
was also reported in earlier studies.”® %> For the lower
steel fiber inclusion (0.5%), the splitting tensile strength
of the specimens also increased at a decreasing rate. In
addition, increases in the splitting tensile strength
values were found 58% for 1SFINS2 and 84% for
ISF2NS2 specimens. The results pointed out that the
2% NS utilization also enhanced the splitting tensile
strength test results, and this improvement was found
to be higher for the fiber reinforced specimens with a
higher aspect ratio. This improvement may be attrib-
uted to the dense microstructure and excellent bond
strength between matrix and steel fibers in the presence
of NS. However, when steel fibers were not utilized in
the SCAAC specimens, similar splitting tensile strength
results were obtained from the specimens without NS
and 2% NS. The result pointed out that for the steel
fibrous specimens, NS utilization, enhanced the tensile
strength properties of the SCAAC samples. It was
reported in the earlier investigation that modulus of
elasticity, compressive and splitting tensile strengths
were influenced by the concrete quality.®® In this
study, the adverse effect of NS was compensated by
steel fiber since the steel fibers arrested emerged
cracks. The combined use of steel fiber and NS in the
50% fly ash and 50% slag based geopolymer specimens
was investigated in the earlier investigation. It was

found that SF had no favorable effect on compressive
strength. However, a significant effect was found on
bending and bond strengths.*

The four-point bending tests for SCAAC specimens. Figure 8 illus-
trates the load vs. displacement curves of the different
SCAAC specimens under four-point bending tests. The
maximum load and displacement values are also given
in Table 5 for upcoming model studies. A linear slope
was observed up to the first crack in the pre-peak zone,
and then strain-softening was observed in the post-
peak zone during four-point bending tests for all
SCAAC specimens. In Figure 8(a) and b, the influences
of SF on SCAAC specimens with and without NS are
shown. The results indicated that the flexural strength
of the steel fibrous SCAAC specimens enhanced with
an increase in the steel fiber ratio. Also, flexural
strengths of the NS incorporating specimens were
found higher than the strengths of the specimens with-
out NS. A similar result was also obtained for the 50%
fly ash and 50% slag based AAC specimens in the ear-
lier investigation.™

In addition, the sharp decrease in the post-peak zone
decreased for the specimens, including NS (Figure 8(a))
as compared to the specimens without NS (Figure 8(b))
regarding  steel  fibrous SCAAC  specimens.
Furthermore, the flexural performance of specimens
with a higher aspect ratio (SF2) was better than the
specimens with a low aspect ratio (SF1). For the speci-
mens with NS post-peak performance of 0.5% steel
fibrous specimens with a higher aspect ratio was
found to be better than the 1% steel fibrous specimens
with a lower aspect ratio as shown in Figure 8(a). For
the specimens without NS, the flexural performance
was influenced by the steel fiber ratio, and it can be
concluded that the higher the steel fiber ratio, the better
flexural performance, as shown in Figure 8(b). The
enhanced flexural performance may be attributed to
the improved interfacial transition zone and higher
bond strength between NS particles and steel fibers,
especially for higher aspect ratio. The favorable influ-
ences of steel fiber on tensile strength,**® flexural
strength and failure performance,”> and bond
strength®> were also found in the previous studies. In
another study, the effect of different steel fiber aspect
ratios was studied, and tensile strength and fracture
toughness were found to be high for the specimens
with high steel fiber aspect ratio.’® In addition, when
Figure 8(c) and (d) were investigated, the more tough-
ness and controlled load decrease obtained from the
specimens including NS. Meanwhile, for the non-
fibrous specimens, similar load-deflection curves were
obtained as shown in Figure 8(e), proving that nano-
silica utilization became significant when it was utilized
with steel fibers in the SCAAC specimens.
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Figure 8. Load vs displacement curves of SCAAC specimens under four-point bending. (a) Effect of SF on SCAAC mixes with NS.
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NS in detail. (e) Effect of NS on SCGC mixes without SF

Failure modes of the SCAAC specimens under flexure

Figure 9 illustrates the cracking patterns of SCAAC
specimens before (a) and after (b) failure. The crack
pattern photos of the specimens were given for both
non-fibrous and 1% steel fiber reinforced self-
compacting alkali-activated concrete (SCAAC) speci-
mens. The results indicated that cracking patterns
were influenced by the existence of nano-silica and
steel fiber. The crack arresting capability of fibers can
be represented by the sample thickness/steel fiber

length ratio (d/Fp ratio).”® The efficiency of SF
increased when the d/Fy ratio decreased. For the low
d/F ratios, steel fibers can arrest the cracks easily. The
sudden failure occurred in the middle of the specimens
without NS and SF, as shown in Figure 9(a) and (b).
For the ISFINSO specimens (without NS), a single
enormous crack with a wider size occurred in the max-
imum moment zone (flexure crack) without hairline
crack, as shown in Figure 9(c) and (d). The d/Fp
ratio was 3.33 for these specimens, and the steel fiber
efficiency was found to be less due to the single and
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Figure 9. Failure modes of SCAAC specimens with and without NS and SF. (a) SCAAC specimen without NS & SF before failure. (b)
SCGC specimen without NS & SF after failure. (c) SCAAC specimen without NS & with 1%SF| before failure. (d) SCGC specimen
without NS & with |%SFI after failure. (€) SCGC specimen with NS & |%SF| before failure. (f) SCGC specimen with NS & [%SF|
after failure. (g) SCGC specimen without NS & with 1%SF2 before failure. (h) SCGC specimen without NS & with 1%SF2 before
failure. (i) SCGC specimen with NS & |%SF2 before failure. (j) SCGC specimen with NS & 1%SF2 after failure.
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wide crack, and the crack was found to be parallel to
the loading direction. For the 1SFINS2 specimens
(with 2% NS), the main crack formed again in the
bending zone (flexure crack). However, an additional
hairline crack, with a size of 1 mm, formed prior to
failure as shown with the red circle in Figure 8(e).
For this case (d/Fp:3.33), the main failure crack
formed with a lower width and parallel to the loading
direction. For the 1%SF2NSO0 (d/Fy:1.25) specimens,
the inclined crack (45°) formed around the support, not
located in the middle. Moreover, an additional inclined
crack formed with a wider size (>1 mm) that emerged
around the supports. For the SCAAC samples having a
d/Fy ratio of 1.25, the failure was realized from the
flexural-shear type of cracks. For the 1%SF2NS2 (d/
F1:1.25) specimens with NS, multiple branching type of
cracks formed in bending zone, but main cracks pro-
ceeded to the failure were found to be inclined with a
wider crack width at support zone. Additional multiple
inclined hairline cracks were also observed around sup-
port. The main failure crack type was observed as a
flexural-shear type of crack for the SCAAC samples
having a d/F; ratio of 1.25. The inclined and multiple
cracks around supports were attributed to the stress
transfer among the steel fibers. This stress transfer by
steel fibers was found more when the d/F; ratio was
low since specimens can arrest the cracks easily for
small d/F ratios, enabling stress transfer via multiple
long steel fibers. Furthermore, the NS enhanced the
bond between matrix and steel fibers, enabling
improved flexural performance.

Relationship and correlation between hardened and
fresh state

In order to evaluate the experimental results, it is sig-
nificant for a researcher to find the correlation between
the experimental data. As stated earlier, the mechanical
characteristic of the concrete was substantially affected
by the compressive strength values of concrete. In this
research, correlations between the fresh state properties
and hardened state properties were investigated. The
close relationships were observed between Ts, flow
time and slump flow (R* 0.9127), slump flow and
L-Box (R* 0.914), and slump flow and V-funnel results
(R* 0.956) as indicated in Figure 10(a) to (c),
respectively.

In addition, the relationships between slump flow
and the mechanical properties of SCAAC specimens
were also investigated and illustrated in Figure 11.
The results indicated strong relationships among com-
pressive strength-slump flow, splitting tensile strength-
slump flow, modulus of elasticity-slump flow, and
flexural strength-slump flow, as shown in Figure 11
(a) to (d). The R? results also showed that stronger

(@)
5
? -
a4
- v 5
o
Es
=
B R*=0.9127
£z
=
1
0 . - . :
640 660 680 700 720 740 760
b Slump Flow (mm)
( )1,2
§ . w
& 0.8 R*=0.914
506
=04
202
@ 02
- 0 T T T T r
640 660 680 700 720 740 760
© Stump Flow (mm)
25
7
220
o
E
s
E
=]
E o
-
=
=
& s
=
0

660 680 700 720 740 760
Slump Flow (mm)

=]
&
=]

Figure 10. Correlations between the fresh state properties.
(a) Tso duration versus slump flow. (b) L-Box versus slump flow.
(c) V-Funnel versus slump flow.

relationships were observed for the specimens with
2% NS compared to specimens with NS. The obtained
findings pointed out that the mechanical performance
of specimens was directly related to the slump flow of
the SCAAC mixes, which can be attributed to the
increased steel fiber orientations in the casting direc-
tions with higher flowability, resulting in improved
mechanical performance.

Scanning electron microscopy analysis

Figure 12 illustrates the scanning electron microscopy
(SEM) of the SCAAC specimens with/out NS to iden-
tify the influence of NS on the interfacial transition
zone (ITZ). Figure 12(a) and (b) show the non-
fibrous specimens with/out NS. The results showed
that the microstructure of specimens with NS showed
fewer pores and dense microstructure (Figure 12(b))
compared to the microstructure of specimens without
NS (Figure 12(a)). However, more micro cracks were
found in the microstructure of the SCAAC specimens
with NS (Figure 12(d)), resulting in lower compressive
strength for the NS incorporating specimens. For the
specimens without NS, less micro cracks were
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Figure 1 1. Correlation between the hardened and fresh properties of SCAAC. (a) Compressive strength vs slump flow. (b) Splitting
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Figure 12. SEM images of SCAAC with and without NS with different scales. (a) Specimens without SF and NS. (b) Specimens
without SF and with 2% NS. (c) Specimens with 1% SFI and without NS. (d) Specimens with 1% SFI and with 2% NS.

observed, as shown in Figure 12(c), causing the microstructure of specimens with NS (Figure 12(d)),
improved compressive strength of the specimens. which may be attributed to improved bond strength
Meanwhile, more reaction products were observed between steel fibers and matrix, resulting in the
between steel fibers and matrix at ITZ in the enhanced flexural performance of steel fibrous
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specimens with NS. Similar observations that denser
microstructure and improved bond strength are also
reported in the earlier investigations.**%¢’

Conclusions

In the scope of the research, the fresh state and hard-
ened state performance of slag based ambient-cured
self-compacting alkali activated concrete (SCAAC)
specimens with/out nano-silica (NS) was investigated.
In addition, the influence of steel fibers (SF) with two
different volumes (0.5% and 1%) and aspect ratios (40,
80) on the both fresh and mechanical properties was
evaluated. In addition, the influence of sample thick-
ness/steel fiber length ratio (d/Fp) on the flexural per-
formances and failure modes of the SCAAC specimens
was investigated. The following conclusions were
obtained;

e The passing ability and flowability of the SCAAC
mixes decreased with an increase in both steel fiber
content and aspect ratio. The specimens with 1%
steel fiber and aspect ratio of 80 and without
nano-silica (ISF2NSO0) exhibited the poorest flow-
ability and passing ability.

e The NS utilization enhanced the passing ability and
flowability, and the nano-silica compensated the
adverse effect of steel fibers on flowability and pass-
ing ability.

e The flowability and passing ability tests (slump flow,
Tsp, V-funnel, V-funnel, and L-box) indicated that
all SCAAC mixes had adequate requirements of
flowability and passing ability according to the lim-
itations of the related guidelines/standards.

e The compressive strength and elasticity modulus of
specimens increased with an increase in both SF
volume and aspect ratio but decreased with the
inclusions of NS. The 1SF2NS0O SCAAC specimens
had the highest compressive strength and modulus
of elasticity.

e The flexural strengths and splitting tensile strengths
enhanced with an improvement in both SF volumes
and aspect ratios. Also, NS enhanced the splitting
tensile and flexural strength results. The enhanced
performance due to NS may be attributed to the
improved interfacial transition zone and higher
bond strength between NS and SF, especially for
the higher SF aspect ratios. The superior tensile
and flexural strengths were obtained from the
1SF2NS2 specimens.

e The sample thickness/steel fiber length ratio (d/Fyp)
was found a significant parameter in addition to the
SF volume and aspect ratio on the failure modes of
the SF reinforced SCAAC specimens under the
bending test. The specimens having a d/F ratio of

3.33 showed flexural cracks in the middle of the
specimens, whereas the specimens having a d/Fp
ratio of 1.25 exhibited inclined flexural-shear
cracks at the bending zone around the supports
especially for specimens with 1% steel fiber
volume. The SF efficiency was found more with a
decrease in d/F ratio since crack arresting capabil-
ity improved as d/Fy, ratios decreased.

e The NS also affected the failure modes of the speci-
mens by improving the bond strength between SF
and matrix so that stress transfer can be possible and
the cracks further extend from bending zone to shear
zone by SF depending on the d/F ratio and SF
content.

e Strong relationships were observed between Tsq flow
time and slump flow (R 0.9127), slump flow and L-
Box (R*:0.914), and slump flow and V-funnel results
(R%:0.956). Also, close relationships were obtained
between the slump flow and mechanical properties
of SCAAC specimens. This can be attributed to the
increased SF orientations along the casting direction
with higher flowability, resulting in improved
mechanical performance.

e The SEM microstructure of specimens with NS
showed fewer pores and dense microstructure with
respect to specimens without NS. In addition, more
reaction products were observed between SF and
matrix at ITZ in the microstructure of specimens
with NS, which may be attributed to improved bond
strength between SF and matrix, resulting in enhanced
tensile and flexural performance. However, more
micro cracks were found in the microstructure of
NS incorporating specimens, resulting in a decrease
in the compressive strength of the specimens.

e The SF reinforced SCAAC specimens can be utilized
for structural applications.
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