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« Simultaneous use of nanosilica(NS) and steel fiber(SF) improves flexural properties.

« All self compacting geopolymer concrete mixes (SCGC) were in VS2/VF2 viscosity class.
« Mixes including NS were observed to be more cohesive than mixes without NS.

« Simultaneous use of NS and SF did not reduce compressive strength of SCGC specimens.
« Statistical analysis showed amount of influence of SF and NS on properties of SCGC.
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This study investigates the simultaneous effect of nano-silica and steel fiber on the fresh and hardened
state performance of self-compacting geopolymer concretes (SCGC). For this purpose, self-compacting
geopolymer concretes without and with nano-silica (0, 1% and 2%), and without and with steel fiber
(0, 0.5% and 1%) were produced. Hooked-end steel fibers were used with a length of 30 mm and an aspect
ratio of 40. Self-compacting geopolymer mixes were produced using 50% fly ash (FA) and 50% ground
granulated blast furnace slag (GGBFS) with a constant alkaline activator to binder ratio of 0.5. For the
alkaline activator, sodium silicate solution (Na,SiO3) and sodium hydroxide solution (NaOH) were
utilized with a ratio (Na,SiO3/NaOH) of 2.5. Fresh state experiments were carried out via slump flow,
L-Box, and V-funnel tests, while hardened state experiments were conducted using compressive strength,
flexural strength, and bonding strength tests to estimate the effects of nano-silica and steel fiber together
on the resulting performances of SCGC specimens. Test results were also evaluated statistically in order to
clarify the contributions of the important parameters on the resulting performance. Moreover, correla-
tions between the experimental data were studied to investigate the relationships between the fresh
and hardened state performances. The results demonstrated that incorporation of nano-silica and steel
fiber affected the fresh state properties adversely; however, a combined utilization of them improved
bond strength and flexural performance of the SCGC specimens significantly. In addition, the effect of
nano-silica was found to be dominant on fresh state properties and compressive strength, while the effect
of steel fiber was found to be superior on flexural performance and bonding strength.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

bonization of limestone during the cement production process. In
addition, after aluminum and steel material, ordinary Portland

Concrete is the most commonly used structural material due to
the availability of raw materials and ease of shaping. However, sig-
nificant amount of greenhouse gases (CO,, etc.) are released to the
environment due to the combustion of fossil fuels and the decar-
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cement (OPC) can be considered as the most energy requiring
material [1,2]. Therefore, the negative impacts of CO, on the envi-
ronment and the high amount of required energy are significant
issues for both cement industry and future of mankind. New
enviroment-friendly structural materials should be utilized instead
of ordinary concrete to cope with environmental problems [3,4].
Recently, the geopolymer concrete has started to emerge as an
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environment-friendly concrete as an alternative to ordinary (OPC)
concrete [5-7]. Geopolymer concretes have received vast amount
of attention due to the significant reduction in both the amount
of CO, release and necessity of natural resources. Unlike to OPC,
the manufacture of the raw materials does not require a calcining
process leading to reduction in the energy consumption. It is
pointed out in literature that amount of CO, release of the geopoly-
mer concrete is 5-6 times lower as compared to the OPC concrete
[8,9]. Furthermore, the usage of geopolymer concrete not only
decreases the CO, emissions considerably, but also uses the by-
product wastes of the alumino-silicate composition to fabricate
innovative construction materials [10,11].

Self-compacting concrete (SCC) is commonly utilized for the
construction of civil engineering structures, especially in pre-cast
industries, high rise buildings and structures that need congested
reinforcement. The fundamental features of SCC are flowability,
filling and passing ability without segregation and/or bleeding.
Self-compacting geopolymer concrete is a novel idea in the con-
crete sector. It is an advanced concrete type that includes the prop-
erties of both geopolymer concrete and SCC [12-14]. Very few or
limited studies have been conducted on self-compacting geopoly-
mer concrete (SCGC). For the potential use, as in the case of ordi-
nary SCC, further investigation is required to evaluate both fresh
and hardened state performance of SCGC.

Mineral fillers and supplementary cementitious materials
(SCM) are used to decrease the cost, enhance the workability and
the hardened state properties of concretes [7,15,16]. Fly ash and
GGBFS are used in the literature broadly as an SCM due to the pos-
itive contributions of them to mechanical performance of the con-
crete, environment and economy [11,17].

SCC has poor tensile strength and ductility and steel fibers are
generally used to eliminate this drawback [18]. Steel fibers
improve the post-cracking, toughness, and ductility of the concrete
[19,20]. Furthermore, steel fiber reinforced SCC provides more rea-
sonable costs/benefits ratio as compared to ordinary SCC [21]. The
optimization technique and design procedure to achieve the SCC
requirements depend on the fiber characteristics as well as the
fiber content [12,14,22]. Due to economic considerations, optimum
amount of steel fibers is considered as 1% of concrete volume for
the majority of structures [23].

Alkali-activated or geopolymer concrete is a green material and
also has acceptable hardened state performance. In addition, it
requires a lower amount of energy in the production state and
releases a lower amount of carbon dioxide as compared to ordinary
concrete [24]. Geopolymer is an inorganic binding material and it
has become as an alternative material to the OPC [25]. Especially,
fly ash based geopolymer concrete can be utilized instead of ordi-
nary cement and it can also adsorb and immobilize toxic and
radioactive materials. The mechanical and durability performance
of the fly ash based geopolymer concrete are a major concerns in
the concrete industry [26]. In addition to fly ash, phosphate sludge
[27], waste glass powder [25], red mud [28] were also tried as a
raw material for geopolymer production. In literature, it is pro-
posed that waste materials such as, ground granulated furnace slag
and silica fume can be utilized to replace fly ash in GPC [25]. As can
be seen from the studies, the fly ash based geopolymer concrete is
commonly used type of geopolymer concrete, while fly ash can be
replaced by slag for production of GPC. Therefore, it can be con-
cluded that investigations regarding geopolymer concrete should
be expanded.

The usage of nano silica (NS) in SCC was also studied earlier and
started to be used commonly because of the improvements in the
performance of SCC. However, studies related with the fresh and
mechanical properties of fly ash/GGBFS based SCGC are limited in
the literature. Due to the lack of knowledge in the material charac-
terization of geopolymer concretes, geopolymer concretes are not

included in the structural design codes and structural applications.
Additional study is needed to improve the knowledge regarding
the fresh and mechanical properties of the self-compacting
geopolymer concrete. Therefore, the aim of this study is to investi-
gate the simultaneous influence of NS and steel fiber on the fresh
and mechanical performance of the SCGC specimens.

2. Experimental procedure
2.1. Materials

Nine types of self-compacting geopolymer mixture (SCGC), without and with
NS (0, 1 and 2%), and without and with SF (0, 0.5 and 1%) were produced to analyze
the simultaneous effect of NS and SF on the fresh and mechanical performances of
SCGC. F-type fly ash (FA) according to ASTM C 618 and GGBFS were used as binder
materials in current research. The crushed limestone with maximum particle sizes
of 11 mm and 4 mm were utilized as coarse and fine aggregates, respectively. Alkali
activator was a mix of sodium silicate (Na,SiO3) and sodium hydroxide solutions
(NaOH). The sodium silicate was obtained from the regional source (Na,0:13.7%,
Si0,: 29.4, water: 55.9% by mass). The sodium hydroxide had 97-98% purity and
its molarity was selected as 12 M which had been proposed to obtain reasonable
mechanical performance for SCGC in another research. [29]. Table 1 shows the
properties of fly ash, GGBFS, and nano-silica used in the study.

The hooked-end steel fibers with two steel fiber ratios (0.5% and 1%) were used
in the study and steel fibers have a length of 30 mm and an aspect ratio of
40 [19,30]. A polycarboxylates ether based superplasticizer with a density of
1.095 g/cm® was used to obtain high flowability without segregation and/or
bleeding [31,32]. In addition, ribbed steel reinforcements with a diameter of
16 mm and a minimum yield strength of 420 MPa were used to investigate the
combined influence of SF and NS on the bonding strength of the specimens.

2.2. Mix design

Different series of SCGC mixtures were produced with a constant total binder
amount of 450 kg/m>. The mixtures contain 50% fly ash and 50% slag by weight.
The nano-silica was incorporated with ratios of 1% and 2% by weight of the binder.
Steel fibers were utilized with amounts of 0.5% and 1% by volume of the concrete
similar to the previous study [33]. Table 2 illustrates the amount of each component
as weight for 1 m* concrete. For mixture designations, SF indicates the steel fiber,
the number next to SF (0-0.5-1) indicates steel fiber ratios, NS indicates the
nano-silica, and the number next to NS (0-1-2) indicates ratio of nano-silica.

Aggregate, binder and alkaline amount, maximum grain size (Dmax), length, vol-
umetric ratio and aspect ratio of steel fiber affect both fresh and mechanical perfor-
mance of SCGC specimens. The Na,SiO3/NaOH ratio lies in the range of 1.5-2.5 for
economic reasons [34] and it was utilized as 2.5 in current research.

For the mixing procedure, coarse and fine aggregates, FA and GGBFS were
blended for 2.5 min. The alkali activator, superplasticizer, and extra water were
added to the mixture in one minute and mixed during additional 2 min. Thereafter,
fresh concrete was further mixed during 3 min to ensure homogeneity and
uniformity.

2.3. Fresh state tests

After mixing, fresh state tests were conducted on the SCGC mixes, since these
mixes should fulfill the flowability and passing ability requirements without segre-
gation and/or bleeding. The flowability of geopolymer SCC specimens was mea-
sured via slump flow and V-funnel tests; passing ability was measured using the
L-Box test according to the EFNARC committee [35]. In the slump flow test, flow
diameters in x and y directions were measured and tsoo duration, in which flow
diameter reaches to 500 mm diameter, were recorded in the test. In the V-Funnel
test, the section was totally filled with concrete, then concrete was let to discharge
and discharge time was recorded. The viscosity can be measured indirectly via V-
funnel and Tsoo slump flow time tests using the rate of flow. In the L-Box test,
the passing ability of the mixes (PL value) between narrow openings of bars
(41 £ 1 mm) was evaluated by dividing the concrete height of the horizontal section
to the height of vertical section after end of concrete flow. Table 3 illustrates the
upper and lower limits for fresh state performance of SCC mixes according to the
EFNARC specification [35].

2.4. Curing method of the SCGC

After the production of concretes, specimens were covered by a plastic sheet for
24 h to prevent the evaporation of the alkaline solution. Then specimens were put
in an electric oven for 48 h at 70 °C. After the completion of the curing period, sam-
ples were demolded and kept in water tank, which was in laboratory environment,
until the 28th day after concrete casting. For each experiment, identical three sam-
ples were produced and the average of the corresponding experimental result was
calculated.
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Table 1
Physical and chemical characteristics of FA, GGBFS and NS.
Component Ca0 Si0, Al,O3 Fe,03 MgO SO3 K,0 Na,O Lol SG BF (m?/kg)
FA (%) 1.60 62.33 21.14 7.15 240 0.10 3.37 0.38 1.58 2.29 379
GGBFS (%) 34.12 36.40 11.39 1.69 10.30 0.49 3.63 0.35 1.64 2.79418
NS (%) - 99.80 - - - - - - <1.00 2.20 -
Table 2
Mixture proportion of self-compacting geopolymer concrete.
Mixture Binder Na,S05;+NaOH FA GGBFS NS SF Fine Agg. Coarse Agg. Molarity SP Extra water
kg/m> kg/m> kg/m> kg/m> kg/m> kg/m> kg/m? kg/m> % %
SFONSO 450 225 225 225 0 0 865.61 742.88 12 5 8
SFONS1 450 225 225 225 5 0 862.65 740.34 12 5 8
SFONS2 450 225 225 225 10 0 859.69 737.80 12 5 8
SF0.5NSO 450 225 225 225 0 39.2 865.61 742.88 12 5 8
SFO0.5NS1 450 225 225 225 5 39.2 865.61 742.88 12 5 8
SFO.5NS2 450 225 222.8 2228 10 39.2 865.22 742.54 12 5 8
SFINSO 450 225 220.5 220.5 0 78.4 864.83 742.21 12 5 8
SFINS1 450 225 2228 2228 5 784 865.22 742.54 12 5 8
SFINS2 450 225 220.5 220.5 10 784 864.83 742.21 12 5 8
Table 3 /
Fresh state test evaluation with respect to EFNARC specification. s
Slump flow classes P 7
Class Slump flow diameter [mm] P
Slump Flow 1 550-650 /
Slump Flow 2 660-750 s 300 mm
Slump Flow 3 760-850
™
Viscosity classes
Class Tso0 [s] V-funnel time [s] ¢16 Steel [
VS1/VEL ) -8 reinforcement / /s
VS2/VF2 >2 91025 # _1z
/
Passing ability classes -
PA1 >0.8 with two rebar ~ Embec_’ ment
PA2 >0.8 with three rebar : - depth .
5 mm Gypsum 150 mm
2.5. Hardened state tests capping 4 7
. s
The hardened state tests were carried out to analyze the combined influences of . - o AT
NS and SF on the mechanical performance of the self-compacting geopolymer con- L% - “H~ 4y o 4>
cretes. Compressive strength tests were conducted on cubic specimens Concrete [, '+ . s I

(100 x 100 x 100 mm) using ASTM (€39 standard [36]. The bonding strength
between SCGC and steel rebar was evaluated according to RILEM RC6 [37]. The
top layer of the cubic SCGC samples was capped with gypsum to obtain a smooth
surface for uniform load distribution. The pullout specimen details are given in
Fig. 1.

The bonding strength of the samples under pullout test, 1, is found using the 1st
equation:

P
T mxdxL

M

where P is the force, d is the diameter (16 mm for the study), L is the embedment
length of the steel rebar (150 mm for the study).

Flexural strength tests were conducted on notched 100 x 100 x 500 mm spec-
imens in accordance with RILEM 50-FMC/198 Committee [38] by displacement con-
trolled loading machine. The mid-span deflection of specimens were measured
using a linear variable displacement transducer (LVDT). The notches were formed
at the bottom middle of the specimens. The width of the notches is of 3 mm and
the height of the notches is 40 mm with a notch depth to sample depth ratio of
0.4. The specimens were loaded via displacement control with a rate of
0.02 mm/min. The net flexural strength was evaluated by the 2nd equation [39].

3PmaxL

I= 2b(d—a)’

(2)
where Py,qy is the maximum force, b is the width of the beam, L is the length of the
beam, d is the depth of the beam, and a is the depth of the notch as shown in Fig. 2.

Fracture energy (Gr) represents the energy amount required to create a crack in
the matrix and it was calculated by the formula proposed by RILEM [38]:

_ (Wo +mgos)

G Alig

®3)

specimen

150 mm

Fig. 1. Test set-up for the bond strength.

where w, is the area below the force versus displacement behavior, mg is the weight
of the specimens, d; is the displacement, and Ay is the ligament area.
The critical stress intensity factor (K;c) was determined by the 4th formula [40]:

3Pmaxl
Kic = 2;‘;2*

a0(1 93— 3.07A + 14.53A% - 25.11A° + 25A“) (4)

where P4 is the maximum force, [ is the clear length of the sample, b is the sample
width, d is the sample depth, a, is the notch depth of the sample, and A is the ratio of
notch depth to sample depth.

3. Result and discussions
3.1. Fresh state performance

Flowability and passing ability test outcomes of the SCGC mixes
were compatible with the EFNARC specifications [35]. Flow diam-
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Fig. 2. Test set-up and detail of specimen under three-point bending loading.

eters of SCGC mixes were found to be higher than the minimum
flow diameter of 550 mm. No segregation was detected in the
SCGC mixes. In addition, resulting slump flow diameters were also
compatible with the EN 12350-8 standard [41], which states the
minimum slump flow diameter as 600 mm. Effect of NS and SF
on fresh state properties of SCGC are analyzed in detail in the fol-
lowing sections by the consideration of each fresh state test
separately.

3.1.1. Effect of NS and SF on slump flow diameter

Fig. 3 presents the influence of NS and SF on the slump flow
diameter. The highest slump flow diameter (709 mm) was mea-
sured for the mix without NS and steel fiber. The incorporation
of NS reduced the slump flow diameter of the non-fibrous mixes
from 709 mm (without NS) to 695 mm (1% NS) and 680 mm (2%
NS). The addition of steel fiber also decreased the slump flow diam-
eter of the mixes without nano-silica from 709 mm (0%SF) to
693 mm (0.5%SF) and 687 mm (1%SF). Decrease in the slump flow
diameter due to addition of 2% NS is higher than the decrease due
to 1% SF addition.

In addition, the combined effect of NS and SF reduced the slump
flow diameter considerably. Therefore, minimum flow diameter of
664 mm was observed for mixes including highest amount of both
nano-silica (2%) and steel fiber (1%). Slump flow results indicated
that all slump flow amounts were in the range of SF2 class, which
are suitable for many structural applications (column, beam or
slab) according to the EFNARC specifications [35].

720
~=0.0%SF
710 -0-0.5% SF
2 \ 4-1.0%SF
g 700 \
£ 690 O~
S \
= 680
E \
2 670 ~
660 -
650 w : ‘

NS replacement level (%)

Fig. 3. Influence of NS and SF on the slump flow diameter.

3.1.2. Influence of NS and SF on the slump flow time (Tsgo)

Fig. 4 indicates the combined effect of NS and SF on the Tsqg
durations, in which elapsed time is recorded until flow diameter
of the fresh concrete reaches to 500 mm. For specimens without
NS, Tsgo durations of the specimens containing 0%, 0.5% and 1%
steel fiber were measured as 2.66 s, 2.72 s, and 2.83 s, respectively.
However, for non-fibrous specimens, Tsog durations of the speci-
mens containing 0%, 1% and 2% nano silica were 2.66s, 2.98 s,
and 3.23 s, respectively. Therefore, it can be concluded that reduc-
ing effect of NS on Tsq duration is higher than the effect of SF. For
the specimen containing the highest amount of steel fiber and
nano silica (2% NS and 1%SF), Tsgo duration increased to 3.63s.
Similar to slump flow diameter results, higher amounts of Tsgg
duration were recorded as a result of simultaneous use of NS and
SF. Tsgo duration should be smaller than the value of 6 s according
to the EN 12350-8 standard [41]. As a conclusion, Tsgg test results
were found to be satisfactory according to both EFNARC specifica-
tion [35] and EN 12350-8 standard [41].

3.1.3. Influence of NS and SF on V-funnel flow time

The V-funnel flow time is the reflection of the flowability and
the viscosity of SCGC. Discharge time from V-funnel sections
exhibited similar results with slump flow test results. The dis-
charge times of the specimens without NS were measured as
10.84 s, 12.83 s, and 13.76 s for the 0%, 0.5%, and 1% steel fibrous
mixes, respectively. The discharge times for the non-fibrous mixes
were 10.84 s (0% NS), 13.24 s (1% NS) and 16.63 s (2% NS). Effect of
NS on the discharge time was found to be more than the effect of
SF. Similarly, the highest discharge time was observed for the
mixes including 2% NS and 1% SF (combined effect) as shown in
Fig. 5.a. EFNARC specifications [35] state viscosity classes depend-
ing on the V-Funnel and Tsog slump flow time values, as shown in
Fig. 5.b and Table 3.

Based on the test results, all mixes were in the range of VS2/VF2
viscosity class. EFNARC states that VS1/VF1 viscosity class has a
good filling ability even for congested reinforcements, but this
class is susceptible to bleeding and segregation. VS2/VF2 viscosity
class has good bleeding and segregation resistance and low form-
work pressure; however, the VS2/VF2 class has an inadequate sur-
face finish properties and it may suffer from the stoppage of flow of
SCGC mixes. Results indicated that higher percentage of nano-silica
elongated the discharge time, which is beneficial for bleeding and
segregation, but it may cause inadequate filling ability. In addition,
EN 12350-9 [42] standard states that the discharge time of the V-
funnel should be smaller than 15 s to have a good filling ability.
The discharge times of the mixes without NS and with 1% NS were
below the standard limit value of 15 s, except the mixes including

4.00
=<=0.0%SF
-0-0.5% SF
oy -4-1.0%SF
3
o 3.50
£
=
=}
=
E 3.00
i
2.50
0 1 2

NS replacement level (%)

Fig. 4. Tsqp duration versus NS and SF relationship.
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Fig. 5. V-funnel vs the combined effects of NS and SF (a), V-funnel vs Tsqo flow time relationships (b).

1% NS and 1% SF. However, the discharge times of all mixes includ-
ing 2% NS were higher than the value of 15 s. Therefore, it can be
concluded that higher percentages of nano-silica (>2%) reduce
the filling ability of fresh SCGC considerably.

3.1.4. Effect of NS and SF on L-box height

In the L-Box test, passing ability of the mixes (PA or PL value)
between narrow openings of three bars (41 £ 1 mm) was evaluated
by dividing the concrete heights in horizontal section to the height
in vertical section (H2/H1) after end of concrete flow. PL value of
SCGC mixes should be equal or higher than 0.8 in order to satisfy
adequate passing ability requirements according to both EFNARC
specification and EN12350-10 standard [43]. It can be concluded
from L-Box test results (Fig. 6) that all mixes have an adequate
passing ability (PA > 0.8). The highest passing ability (0.96) was
observed for the mixes without NS and SF. PA values of the speci-
mens without NS were 0.96, 0.92, and 0.9 for 0%, 0.5% and 1% steel
fibrous mixes, respectively. For the non-fibrous specimens, PA val-
ues were calculated as 0.96, 0.91, and 0.88 for the specimens with
NS content of 0%, 1%, and 2%, respectively. The incorporation of
both NS (2%) and SF (1%) decreased the PA value to 0.82 (lowest
PA). It should be noted that further increase in the amounts of
NS (>2%) and SF (>1%) may not satisfy the passing ability require-
ments for the SCGC mixes.

1.00
~0=0.0%SF
<0-0.5% SF
-2-1.0%SF

L box height ratio
o o
O O
(=] W

o
%
<

0.80

(=]

1
NS replacement level (%)

N

Fig. 6. The L-Box height ratio versus NS replacement level and SF content.

Fresh state results indicated that simultaneous use of NS and SF
decreased flowability and passing ability of SCGC mixes. However,
even for the highest amounts of NS (2%) and steel fiber (1%) utilized
in current study, the self-compacting geopolymer mixes satisfied
the required flowability and passing ability criteria as specified
by EFNARC specifications and TS EN 12350 standards. Moreover,
it was observed that higher amounts of NS improved resistance
of SCGC mixes against segregation and bleeding, and the mixes
containing NS were observed to be more cohesive than the mixes
without NS. The results indicated that fresh state properties of
the SCGC mixes decreased as NS and SF contents increased. For
the better fresh state performance, the utilization of both NS and
SF together should be limited in order to obtain self-compacting
geopolymer mixes that have a better flowability and passing ability
properties.

3.2. Mechanical properties of SCGC

3.2.1. Compressive strength

Fig. 7 illustrates the effect of NS and SF on the compressive
strength of the specimens. Compressive strength of the specimens
including NS was lower than the strength of the specimens without
NS. This result can be attributed to the unreacted NS which causes
an extreme self-dehydration in the mixes leading to formation of
cracks and so reduction in compressive strength [44,45]. On the
other hand, addition of steel fiber slightly enhanced the compres-
sive strength of the SCGC specimens. The improvement in the com-
pressive strength was found to be more than 5% and 7% for the
specimens containing 0.5% and 1% steel fiber, respectively. Similar
increases in compressive strength due to the SF inclusions in ordi-
nary concrete were also reported in earlier studies [46-48]. Fur-
thermore, the compressive strength of specimens including NS
also improved with the incorporation of SF. Compressive strength
values of control specimen (without NS and SF) and the specimen
including the highest amounts of NS (2%) and SF (1%) were close to
each other. Therefore, it is worth to note that decreasing influence
of NS on the compressive strength can be compensated with addi-
tion of the steel fiber.

3.2.2. Bond strength

Fig. 8 illustrates the variation in the bond strength of specimens
due to the combined effect of NS and SF. It can be said that the
bond strength increased significantly with an increase in the SF
volume. In addition, NS also improved the bond strength of the
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HO%NS m1%NS m2%NS

Compressive strength (MPa)

0%SF

0.5%SF 1%SF

Steel Fiber %

Fig. 7. The influence of NS and SF on compressive strength of the specimens.

SCGC specimens slightly. The highest bond strength enhancement
was found to be 25.4% for the specimens including 2%NS and 1% SF
as compared to control SCGC specimens. The positive effect of SF
on the bonding resistance was more than the effect of NS.

Baran et al. [49] indicated that SF enhanced the pullout strength
of strands by controlling the crack development in the concrete
samples. They also reported that the confinement level at the
strand-concrete interface enhanced with an increase in the SF vol-
ume, which improved both friction and the bond strength. They
obtained bond strength enhancement as amount of more than
30% due to the steel fiber addition. The researches about the bond
strength among steel reinforcement and OPC concrete were con-
ducted; however, there is no or limited study was realized on the
bond strength of SCGC specimens including nano-silica. This study
may highlight the effectiveness of nano-silica use on the bond

strength of the SCGC specimens. In a study [50], researchers stated
that the concrete quality is a significant parameter on the bond
strength and tensile strain capacity in concrete. Due to the
improvement in the quality of the matrix due to the micro-filling
effect and pozzolanic activity of NS [20], the NS addition may also
enhance the pullout capacity of the reinforced concrete structures.

Fig. 9 illustrates the typical failure patterns of the SCGC speci-
mens after pullout tests. After failure, the rebar was separated from
the SCGC specimens without SF; whereas structural rebar
remained to survive in the cracked matrix for the steel fibrous
specimens. The similar results were also obtained in the earlier
study [51] that researchers reported 10-20% improvement in the
pullout resistance due to the incorporation of 1% SF by concrete
volume. In another research of Harajli and Salloukh [52], the SF
reinforced specimens with 2% fiber volume enhanced bond
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Fig. 8. The combined effect of NS and SF on bond strength.
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(a)

Fig. 9. The fracture patterns of SCGCs: (a) without SF and (b) with SF.

strength up to 55% as compared to non-fibrous specimens. In addi-
tion, the bond strength improved more than two or three times
when higher steel fiber volume (3-7%) was utilized [52]. Therefore,
it can be asserted that the combined utilization of NS and SF
enhanced the bond strength of the specimens further due to the
crack bridging ability of SF and due to the better adhesion of NS.

3.2.3. Flexural strength

Fig. 10 shows the resulting load-displacement curves of SCGC
samples under flexural loading. In the beginning, a linear slope
was observed up to the first cracking and after that strain relax-
ation was observed for all of the GPC samples. The load versus dis-
placement curves of the non-fibrous samples exhibited similar
behavior and approximately similar flexural strength values were
obtained for these specimens regardless of NS content. When the
SF is incorporated and the combined effect of NS and SF was inves-
tigated, it was observed that the flexural strength improved with
an increase in NS content under the same SF volume concentra-
tions, as shown in Fig. 11. Furthermore, specimens with higher
NS and SF contents exhibited lower load relaxations and higher
residual flexural strengths as compared to specimens without NS.
It may be due to the enhanced bond strength between fiber and
matrix due to the NS addition. It can be concluded that simultane-
ous use of SF and NS achieved the superior bending performance
and the maximum flexural strength was obtained for the samples
including 2% NS and 1% SF (SFINS2).

3.2.4. Fracture performance

The area below the load-displacement curve can be estimated
by the 3rd equation and the fracture energy results are given in
Fig. 12. Similar fracture energy results were obtained for the
non-fibrous specimens including different amounts of NS. When
the combined effect of NS and SF was investigated, it was resulted
that the fracture energy improved with an increase in the amounts
of both NS and SF.

The positive effect of SF was due to the crack bridging ability of
it, which prevents the opening of cracks and enables further dis-
placement in the SCGC specimens. Meanwhile, NS can improve
the bond strength and enhance the adhesion between SF and the
matrix. The simultaneous use of both NS and SF exhibited superior
fracture performance for SCGC specimens. Another reason for the
higher fracture energy results can be attributed to increase in the
compressive strength for the specimens including NS and SF as
shown in Fig. 7. In a different study, researchers [53] studied the
variation of fracture energy in the FA based geopolymer concrete
samples and they concluded that fracture energy improved as
compressive strength of the samples increased.

The critical stress intensity factor (Kic) of SCGC samples at
28 days was calculated using the 4th equation and the results are

(b)

given in Fig. 13. The K¢ refers to stress intensity required to prop-
agate the crack. Similar critical stress intensity factor results were
obtained for the specimens including different NS contents with
0.5% SF. When SF volume increased to 1%, the K;c values increased
with an increase in NS volume. More stress was required to open
the existing cracks in the specimens when the higher steel fiber
volume (1%) and NS volume (2%) were utilized. The increase in
the Kic values can be attributed to the higher bond due to the
increase in NS content and higher crack arresting capability due
to the increase in the SF content.

3.3. Correlation between fresh and hardened performances of SCGC

The correlation of the experimental data is significant for
researchers to evaluate the results. Theoretically, the fundamental
parameters controlling the fresh state and mechanical perfor-
mance of concretes are cementitious binder content, w/b, and
aggregates. As stated earlier, compressive strength affects most
of the mechanical properties of the concrete. In this study, the
combined influence of NS and SF on the fresh and mechanical per-
formance of SCGC was investigated. Therefore, the influences of
these parameters on the fresh and hardened state performance
can be also evaluated via correlating the experimental data each
other. It is found that there are close relationships between slump
flow and Tsgo time (R%: 0.8235), L-Box and slump flow (R%:0.9419),
and V-funnel and slump flow (R?:0.9739), as shown in Fig. 14. The
high values of R? indicate that slump flow and other fresh state
properties are well correlated even in the presence of both NS
and SF.

Moreover, there are also noticeably close relationships between
slump flow and compressive strength, slump flow and bond
strength, and slump flow and fracture toughness, as shown in
Fig. 15. The high coefficient of correlation (R?) values indicate that
the mechanical performance of SCGC depends on the slump flow
performance of it despite inclusion of NS and SF. Furthermore,
acceptable relationships exist between the hardened state proper-
ties of the SCGC. The high coefficient of correlation (R?) values are
observed between compressive strength and bond strength, com-
pressive strength and flexural strength, compressive strength and
fracture energy, compressive strength and critical stress intensity
factor, bond strength and flexural strength, and bond strength
and critical stress intensity factor, as indicated in Fig. 16. In gen-
eral, it can be concluded that there are strong relationships
between fresh state and hardened state properties of SCGC speci-
mens despite the inclusion of NS and SF. It can be stated that hard-
ened state properties of the SCGC specimens are highly influenced
from the fresh state properties. Therefore, good fresh state perfor-
mance is inevitable requirement for better mechanical perfor-
mance for SCGC specimens including both NS and SF.
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3.4. Statistical assessment of the self-compacting SCGC specimens

An analysis of variance model with a significant level of 0.05
was carried out to estimate the change in the fresh and hardened
properties of SCGC with different levels of NS and/or steel fiber
in quantitative form. For this reason, slump flow diameter, slump
flow time (T500), V-funnel flow time, L-Box height ratio, compres-
sive strength, bond strength, fracture toughness, flexural strength,
and critical stress intensity factor of the concretes were assigned as
the dependent variables, while the addition of steel fibers and
replacement level of NS were the independent variables. In order
to determine significant parameters, a statistical analysis was car-
ried out and p-values were calculated as a result of the analysis.
Provided that resulting p-level is smaller than 0.05, this means that

the corresponding parameter is a significant parameter for the cor-
responding property. In addition, percent contribution of each
independent parameter was determined to find out the degree of
effectiveness of the parameter on the corresponding property. If
this value is higher, then it can be concluded that the influence
of the parameter on the corresponding property is significant.
Table 4 presents the contributions (%) of the parameters to the
resulting properties. Statistical analysis results indicate that NS
replacement was found to be more effective than the addition of
SF regarding fresh state properties (slump flow, V-funnel flow time,
T500 flow time and L-Box ratio). Effect of NS on the compressive
strength of the specimens is also higher than the effect of SF. How-
ever, the addition of SF was found to be more effective as compared
to NS replacement regarding bond strength and flexural perfor-
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mance. The steel fibers also affected the fresh state performance;
however, the effect of SF on the fresh state performance was found
to be less than the effect of nano-silica. According to the results,
nano-silica alone is not an effective parameter on fracture energy;

however, when it is used with SF together, the positive influence of
NS on the fracture energy can be seen clearly.

Gesoglu et al. [47] investigated the influence of silica fume and
SF on the mechanical properties of ordinary concrete and they con-
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cluded that SF volumes and types had no much more influence on
compressive strength of specimens; however, SF effect was found
to be effective on the bond strength and bending strength. It is con-
cluded in current study that the simultaneous use of SF and NS
reduces the fresh state performances; however, it improves the
compressive strength, bond and flexural strengths of the SCGC
specimens.

4. Conclusions
In this study, the combined influence of NS and SF on the fresh

and hardened state performance of the self-compacting geopolymer
concrete was investigated. The following results were obtained;

o Fresh state test results indicated that simultaneous use of nano-

silica and steel fiber had negative effect on the slump flow
diameter, tsoo flow time, V-funnel flow time and L-
Box passing ability. The highest reduction in the fresh perfor-
mance was observed in the mixes including the highest
amounts of NS (2%) and SF (1%). However, even in this case,
the self-compacting geopolymer mixes satisfied the required
flowability and passing ability criteria as specified by EFNARC
specifications and TS 12350 standards.

The higher nano-silica addition into the SCGC mixed improved
the resistance to segregation and bleeding and the mixes
including nano-silica were observed to be more cohesive than
the mixes without NS.
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Table 4
Statistical evaluation of the test result.

Dependent Variable Independent variable Sequential Sum of Squares Mean Square Computed F P-Value Significance Contribution (%)

Slump flow diameter Addition of steel fiber 494.0 247.0 26.46 0.005 Yes 36.6
NS replacement level 818.67 409.33 43.86 0.002 Yes 60.6
Error 37.33 9.33 2.8
Total 1350

Slump flow time (Tsq0) Addition of steel fiber 0.18047 0.090233 13.24 0.017 Yes 18.1
NS replacement level 0.79207 0.396033 58.10 0.001 Yes 79.2
Error 0.02727 0.006817 2.7
Total 0.99980

V- funnel flow time Addition of steel fiber 12.5348 6.2674 37.43 0.003 Yes 23.1
NS replacement level 41.1590 20.5795 122.90 0.000 Yes 75.7
Error 0.6698 0.1674 1.2
Total 54.3636

L- Box height ratio Addition of steel fiber 0.004289 0.002144 48.25 0.002 Yes 323
NS replacement level 0.008822 0.004411 99.25 0.000 Yes 66.4
Error 0.000178 0.000044 13
Total 0.013289

Compressive strength Addition of steel fiber 16.605 8.3025 15.19 0.014 Yes 31.5
NS replacement level 33.981 16.9904 31.08 0.004 Yes 64.4
Error 2.186 0.5466 4.1
Total 52.772

Bond strength Addition of steel fiber 439.79 219.897 45.14 0.002 Yes 79.6
NS replacement level 93.27 46.637 9.57 0.030 Yes 16.9
Error 19.49 4.872 3.5
Total 552.55

Fracture energy Addition of steel fiber 20,544,913 10,272,457 93.17 0.000 Yes 94.1
NS replacement level 841,437 420,718 3.82 0.118 No 39
Error 441,037 110,259 2
Total 21,827,387

e V-funnel and slump flow results exhibited that all produced
SCGC mixes were in the range of VS2/VF2 viscosity class, which
has good bleeding and segregation resistance, and low form-
work pressure according to EFNARC.

The incorporation of nano-silica in the SCGC mixes slightly
reduced the compressive strength, while the addition of steel
fiber slightly improved the compressive strength of SCGC

of SCGC specimens, which can be attributed to the crack bridg-
ing ability of steel fibers and better adhesion and bond strength
of the nano-silica incorporation.
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