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ARTICLE INFO ABSTRACT

Keywords: In this research, the effects of nanosilica and steel fibers on the impact resistance of ground granulated blast
Self-co‘nflpacting alkali-activated concrete furnace slag based self-compacting alkali-activated concrete were investigated. Nanosilica volume fraction was

ls\lani)ségca kept constant at 2%. Two types of hooked-end steel fibers (Kemerix 30/40 and Dramix 60/80) and steel fiber
teel er

volume contents (0.5% and 1%) were utilized to highlight the combined effects of nanosilica and steel fiber on
the impact behavior. The fresh state and mechanical properties such as slump flow, L-box, V-funnel, compressive
strength, modulus of elasticity, splitting tensile strength, and flexural strength were evaluated. The micro-
structure of the samples was examined using a scanning electron microscope. The impact resistance of the
specimens was measured by a drop-weight test. Acceleration-time and force-time graphs were plotted and
evaluated together with the crack photos of the specimens for the first and failure impactor drops. The in-
corporations of nanosilica and steel fiber improved splitting tensile strength, flexural strength, impact resistance,
and energy absorption capacity, while they decreased compressive strength and modulus of elasticity. For the
specimens without nanosilica and with 2% nanosilica, the impact energy improvements were five times and 12.5
times higher for 0.5% short fibrous, 20.5 times and 44.5 times higher for 1% short fibrous, 23.5 times and 31
times higher for 0.5% long fibrous, and 64 times and 144.5 times higher for 1% long fibrous specimens than the
specimens without nanosilica and steel fiber, respectively. The long fibers were found more effective in me-
chanical strength and impact energy than short fibers, and the reinforcing efficiency of fibers enhanced with
higher steel fiber volumes. The combined utilization of nanosilica and steel fibers have the potential to delay the
crack formation and dissipate energy to the surrounding zones, and this potential increased with higher steel
fiber lengths and volume ratios.

Drop-weight test
Impact resistance
Impact energy

1. Introduction

Ordinary Portland cement (OPC) concrete is the second most utilized
resource on earth after water, and OPC production contributes about 8%
of all greenhouse gases released worldwide [1]. The need for OPC
concrete will increase in the upcoming years due to the increasing
population, natural disasters, i.e., earthquakes, storms, hurricanes. Also,
Covid-19 and similar pandemics will cause high demand to the novel
structural buildings for better-isolated areas. These reasons will
continue to increase the amount of carbon dioxide released into the
atmosphere. Researchers have made efforts to find alternative binders or
construction materials to decrease the carbon dioxide burden on the
planet [2]. Recently, geopolymer or alkali-activated concrete has
emerged as an environment-friendly concrete as an alternative to OPC
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concrete, and it has a similar mechanical strength and durability per-
formance with OPC concrete [3-5]. Alkali-activated concrete takes great
attention due to the significant reduction in carbon dioxide release and
the requirement of natural resources. Alkali-activated concrete can
reduce the carbon dioxide footprint of OPC production by 80% when
designed and appropriately produced with supplementary cementitious
materials [2].

Geopolymer is considered as a clinker-free and low carbon binder
[6], which composes of aluminosilicate including solids such as ground
granulated blast furnace slag and fly ash [7,8] with alkali activators such
as alkali sulfate, carbonate, silicate, and hydroxide [9]. Also, calcium
(Ca) compounds play a significant role since calcium ions can act as a
charge balancing cation in the geopolymer binder [10,11]. The geo-
polimerization process is a complex chemical process, and researchers
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Table 1
Chemical and physical characteristic of NS and GGBFS.
Component CaO SiO, Al,O3 Fe,03 MgO SO3 K0 Na,O LOI SG BF (mz/kg)
NS (%) - 99.8 - - - - - - <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

are trying to understand the influential parameters on the resulting
mechanical and durability performance. It was reported that
alumino-silicate composition, curing type and duration, alkali activator
type and concentrations influence the resulting mechanical and dura-
bility performance [2,12]. Especially, fly ash based geopolymer con-
cretes required elevated temperature curing, and for the complete
dissolution of fly ash particles in the geopolimerization, the oven-curing
should be higher than 40 °C [13] and 60 °C [14]. In a study, 13 different
curing methods on the mechanical strength performance of fly ash and
slag based geopolymer concretes were investigated. It was reported that
oven-curing and delayed oven-curing (oven-curing applied later) also
significantly enhanced the mechanical performance of fly ash based
geopolymer concretes, while slag based alkali-activated concretes can
be utilized in structural applications without oven-curing, delayed
oven-curing, and water-curing [15]. Due to the lack of necessity of
different curing regimes, slag based alkali-activated concretes were
utilized in this study for the standardization process of alkali-activated
concretes in structural applications.

Alkali-activated concrete, due to its brittle nature, similar to OPC
concrete, exhibits insufficient toughness and deformation capacity,
which pose enormous limitations for engineering applications. Thus, it is
significant to improve the crack resistance and toughness of alkali-
activated concrete [16]. To prevent the brittle behavior, various fiber
types can be adding to alkali-activated concretes [17]. Despite there are
different fiber types, steel fibers are still the most useable type [18]. The
incorporation of steel fibers into the slag based alkali-activated con-
cretes has contradictory results on the compressive strength perfor-
mance. Some studies reported that steel fibers improve the compressive
strength [19,20], while others confirmed an adverse effect on the
resulting strength performance [21,22]. These results confirmed that
additional research is required to obtain clear decisions. Meanwhile, in a
comprehensive review study, it was reported that steel fibers favorably
affect splitting tensile strength, flexural strength, toughness, ductility,
crack propagation, and post-cracking; however, they have a negative
effect on porosity and workability [18].

One way to eliminate the workability problem in steel fibrous con-
cretes is to use self-compacting concrete (SCC) since SCC consolidates
under its weight without vibration. It offers excellent workability and
segregation resistance in addition to better mechanical and durability
performances [23,24]. Also, the optimum steel fiber volume ratio was
1% due to the improved fiber orientation, flowability, and passing
ability characteristics of SCC [25,26]. Thus, steel fiber volume was
selected as 1% in the study.

Nowadays, researchers focus on utilizing nanosilica material in the
concrete industry [27-29]. Nanosilica utilization generally enhances the
mechanical performance and durability of concretes, which may be
attributed to several mechanisms. Nanosilica is a very active pozzolan;
therefore, it could improve concrete properties through the creation and
tortuous microstructure. Also, nanosilica has a finer material, which
could fill the ultrafine pores in the microstructure, leading to higher
packing densities [30]. Thus, the utilization of nanosilica reduced the
permeability and enhanced the mechanical and durability properties of

Table 2
The sieve analysis and physical properties of aggregates.

concrete [27,28,31]. However, the effect of nanosilica on the mechan-
ical performance of slag based self-compacting alkali-activated concrete
is limited in the literature. In addition, the combined influence of steel
fibers and nanosilica on the mechanical performance of self-compacting
slag based alkali-activated concrete is very rare. Therefore, one of the
aims was to study the combined effect of steel fibers and nanosilica on
the mechanical performance of self-compacting alkali-activated
concrete.

Recently, structural buildings have been exposed to impacts loads
such as vehicular crashes, collisions due to earthquakes/hurricanes, or
terror attacks [32]. Therefore, structures have to resist impact loadings
in addition to axial and shear forces, and moments resulting from both
vertical (weight of the structure) and horizontal (earthquake and wind)
loadings. During impact loadings, a structure must absorb a large
amount of energy suddenly. Therefore, high energy absorption capacity
and ductility of structures are significant requirements under impact
loadings.

Some previous investigations evaluated the impact performance of
SCC reinforced with steel fibers. In a recent study, the impact resistance
of steel fiber reinforced SCC was investigated by 0.5%, 0.75%, and 1%
fiber volumes. It was reported that impact resistance increased with an
increase in steel fiber volume, and the highest impact resistance was
obtained on the SCC reinforced with a 1% fiber volume. The authors also
stated that steel fiber content is suggested to be no more than 1% to
obtain adequate passing ability characteristics of SCC [33]. In another
research, the number of blows at first crack and failure stages were
studied on self-compacting concrete reinforced with 0.5%, 0.75%, and
1% micro steel fibers. The authors found that the number of blows at
first crack and failure increased with the increase of steel fiber content
[34]. The impact resistance of OPC concrete with/out steel fibers was
widely investigated in the literature. However, the influences of nano-
silica and steel fibers on the impact performance of slag based
self-compacting alkali-activated concrete have not been studied yet. For
the first time, the detailed impact resistance of the self-compacting alkali
activated concrete with/out nanosilica and steel fiber was investigated
in this research.

2. Experimental procedure
2.1. Materials

The industrial waste material, ground granulated blast furnace slag
(GGBFS) was used as a binder to produce the self-compacting alkali
activated concrete (SCAAC) mixes. GGBFS with a specific surface area
and a specific gravity of 418 m?/kg and 2.79 respectively, was utilized in
the study. Also, nanosilica (NS) was incorporated in a colloidal form into
some of the mixes to evaluate the influence of NS on the resulting impact
and fundamental mechanical performance. The specific surface and
specific gravity of NS material were 150,000 kg/m? and 2.2 g/cm>. The
NS amount was utilized as 2% by weight of the GGBFS material and its
particle size was in the range of 5-14 nm. Table 1 shows the chemical
compositions and physical characteristics of NS and GGBFS materials.

Sieve Size (mm) 16 8 4 2 1 0.25 Fineness Modules Specific Gravity Absorption (%)
Fine Aggregate 100 100 100 67.3 39.9 28.4 16.4 2.57 2.45 1.5
Coarse Aggregate 100 31.5 1 0.5 0.5 0.4 5.66 2.72 2.4
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Table 3
Component of SCAAC mixes.
Sample GGBFS NS SF Fine Coarse NaySO3 Molarity SP Ekstra
Agg. Agg. +NaOH Water
kg/m?® kg/m? kg/m® kg/m® kg/m* kg/m?® % %
GB 500 0 0 860.07 738.12 250 12 7 10
GB-SF1/0.5 500 0 39.2 860.07 738.12 250 12 7 10
GB-SF1/1.0 500 0 78.4 860.07 738.12 250 12 7 10
GB-SF2/0.5 500 0 39.2 860.07 738.12 250 12 7 10
GB-SF2/1.0 500 0 78.4 860.07 738.12 250 12 7 10
GBN 490 10 0 858.49 736.76 250 12 7 10
GBN-SF1/0.5 490 10 39.2 858.49 736.76 250 12 7 10
GBN-SF1/1.0 490 10 78.4 858.49 736.76 250 12 7 10
GBN-SF2/0.5 490 10 39.2 858.49 736.76 250 12 7 10
GBN-SF2/1.0 490 10 78.4 858.49 736.76 250 12 7 10

The crushed limestone coarse and fine aggregates were achieved
from the source utilized to obtain SCAAC mixes. Both the fine and coarse
aggregates met the requirements of the aggregate grading curve con-
forming to the region of A-B in the TS802 standard, which corresponds
to the area of well-graded aggregate. Table 2 illustrates the physical
properties and the sieve analysis of the used aggregates. Sodium hy-
droxide (solid form as pellets 97%-98% purity) and sodium silicate
(SiO9: 29.4, water: 55.9%, and NayO: 13.7% by mass) mixture was
utilized as an alkali activator. In an earlier investigation, the sodium
silicate to sodium hydroxide ratio was suggested to be between 1.5 and
2.5 for economic reasons [35]; therefore, this ratio was selected as 2.5 in
the research. The sodium hydroxide molarity was selected as 12 M,
which showed the best mechanical performance for SCAAC [36].

In the previous investigation, three steel fiber shapes; hooked-end,
corrugated, and straight steel fibers, were examined, and hooked-end
steel fibers performed the best mechanical performance [37].

Therefore, hooked-end steel fibers, Kemerix 30/40 and Dramix 60/80
were utilized in this study. The Kemerix 30/40 hooked-end steel fibers
(notated as SF1), having a length of 30 mm, an aspect ratio of 40, and a
diameter of 0.75 mm, and the Dramix 60/80 hooked-end steel fibers
(notated as SF2), having a length of 60 mm, an aspect ratio of 80, and a
diameter of 0.75 mm, were utilized at fiber volume ratios of 0.5%, and
1%. Also, a polycarboxylate-ether-based MasterGlenium-RMC-303
superplasticizer was used to satisfy the SCC requirements.

2.2. Mix-design

Table 3 illustrates the mix ingredients of the SCAAC specimens. GB
shows the SCAAC without NS and SF, GBN indicates the SCAAC with 2%
NS and without SF, 0.5% and 1% refers to steel fiber volume ratios, and
SF1 and SF2 demonstrate the Kemerix 30/40 and Dramix 60/80 hooked-
end steel fibers, respectively. GGBFS amount was selected as 500 kg/m?,
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Fig. 1. Drop-weight impact test set-up.

23907



A. Nis et al.

and NS was used to replace GGBFS by 2%. A polycarboxylate-ether-
based SP was incorporated into the SCAAC mixes by 7% weight of
GGBFS to obtain the required workability and passing ability. For the
workability improvement and further alkali activation, additional water
utilization into the mixes was also reported in the previous in-
vestigations [38]. Thus, extra water was also added in this study to
produce reasonably cheaper SCAAC production.

During the mixing period, aggregates and binder were firstly mixed
in a dry state for 2.5 min. The SP, extra water, and alkali activator were
included in 1 min to the dry mix and mixed for 2 min. Subsequently, the
mixture was further mixed for extra 3 min to confirm the uniformity and
homogeneity of SCAAC mixes. Then, fresh state tests were executed for
each different concrete type. Then, the mixtures were cast into 100 x
100 x 500 mm beam sections for the drop-weight impact and flexural
strength, 100 x 100 x 100 mm cubic sections for the compressive
strength, and 100 x 200 mm cylinder sections for the splitting tensile
strength and elasticity modulus tests. After the sample casting process,
the top surfaces of the samples were covered with a sheet to eliminate
the evaporation of alkali activators. The specimens were demolded and
left in the laboratory environment at 23 + 2 °C for 28 days.

2.3. Fresh state tests

The fresh state tests of the SCAAC mixtures were conducted using V-
funnel, slump flow, and L-Box tests. The slump flow and V-funnel tests
were executed to assess the flowability and viscosity requirements, and
L-box tests were conducted to evaluate passing ability. The detailed
fresh state tests procedure was explained in the previous studies. The
flowability and viscosity of the mixes were measured using slump flow
and V-funnel tests, and passing ability was measured by L-Box tests. The
detailed test procedures of the slump flow, V-funnel, and L-box tests
were explained in detail in the earlier investigation [26,31].

2.4. Hardened state tests

The 100 x 100 x 100 mm cube SCAAC specimens were used to
obtain compressive strength values according to the ASTM C39 stan-
dard. The 100 x 200 mm cylinder samples were utilized in the elasticity
modulus and splitting tensile strength tests executed by ASTM C496
standard. The four-point flexural strength tests were realized on 100
x 100 x 500 mm SCAAC beam samples under displacement-controlled
loading with a rate of 0.02 mm/min. In addition, drop-weight impact
tests were also realized by ACI Committee 544 recommendations, and
the impact tests were realized in the form of repeated impacts to the
same spot. A drop hammer periodically impacted to the middle part of a
prismatic beam sample at a certain drop height and position. Fig. 1
shows the schematic representation of the drop-weight test machine and
cracks width measurements.

For this purpose, the beam specimens of 100 x 100 x 500 mm were
executed to study the impact resistance. An impactor weight of 28.5 kg
was allowed to free fall from 10 cm height on the middle part of beam
specimens. During impact tests, force-time, acceleration-time,
displacement-time, and crack propagation data were collected simulta-
neously using a load cell to obtain the force, two potentiometers to
measure vertical displacements, two accelerometers to measure accel-
erations during vibrations, and crack width gauge instruments to mea-
sure crack widths for each number of blows. The number of blows to
cause the failure was used to obtain the failure impact energy by the
following equation:

E impact =mx gxhx N

where, E jmpact: impact energy in Joule (J); m: mass of the drop hammer
= 28.5kg; g:9.81 m/s% h: releasing height of drop hammer (10 cm); N:
number of blows.

In literature, there is no existing standard for the flexural impact

Ceramics International 47 (2021) 23905-23918

Table 4

The fresh state properties of SCAAC mixes.
Sample S-Flow (mm) L-Box (PL) V-Funnel (s) Tso (s)
GB 741 1 10.71 2.46
GB-SF1/0.5 707 0.96 14.25 3.13
GB-SF1/1.0 664 0.83 19.91 3.63
GB-SF2/0.5 693 0.94 17.09 3.37
GB-SF2/1.0 659 0.81 23.49 4.07
GBN 750 1 9.25 2.21
GBN-SF1/0.5 720 0.97 13.88 2.87
GBN-SF1/1.0 687 0.85 18.33 3.59
GBN-SF2/0.5 710 0.96 16.62 3.23
GBN-SF2/1.0 661 0.82 22.61 3.97

tests. Zhang et al. listed different drop weights and drop heights used in
the impact tests, and they reported that the changes of weight and drop
height have a significant influence on the impact performance, although
the failure modes are very different. They pointed out that the drop
weight and drop height should be carefully considered when the re-
searchers design the equipment of impact test and carry out the impact
tests [39]. In this research, drop height was determined after pre-
liminary experiments for specimens without steel fibers and nanosilica.
As aresult, 10 cm height was chosen as the weakest specimen failed after
2 drops, and it was the minimum height to obtain sensitive drop
numbers regarding the specimens. In the impact machine, a special
mechanism was constructed to prevent rebound after each impact. This
mechanism has photocell sensors which initiate an air compressor
mechanism that catches the impactor after the first drop and prevents
the rebound of the impactor. The first cracking case of the specimens can
be determined when a sudden change or overload sign was observed on
the strains, indicating the formation of visible cracks i.e. 0.1 mm at the
specimen surface. The failure of the specimens occurs after the breaking
of the bond between steel fibers and matrix, resulting in the separation
of beam specimens into two halves.

3. Result and discussions
3.1. Fresh state properties

Table 4 presents flowability and passing ability characteristics of the
SCAAC mixes. The minimum flowability of the GB-SF2/1.0 mix was
measured as 659 mm, which is above the minimum flow values of 550
mm and 600 mm according to EFNARC specification and EN 12350-8
standard, respectively. For the V-funnel tests, the discharge time of the
V-funnel section should be a maximum of 15s to obtain excellent filling
performance by EN 12350-9 standard. The results showed that only 1%
steel fiber incorporating mixes were found above the 15s. However, no
blocking was observed, and the other mixed satisfied the 15s criterion,
indicating excellent filling ability for non-fibrous and 0.5% steel fibrous
mixes. The EN 12350-9 standard indicated that T50 duration should be
above 6s for high flowability, and all mixes satisfied this condition. In
the L-box test, all PL values of the SCAAC mixes were above the mini-
mum PL value criterion of 0.8 according to EN 12350-10 standard,
resulting in an adequate passing ability of all SCAAC mixes. The results
pointed out that all SCAAC mixes had adequate flowability and passing
ability characteristics. The fresh state results also revealed that NS in-
corporations slightly enhanced both flowability and passing ability
characteristics of SCAAC mixes. At the same time, steel fiber inclusions
reduced both flowability and passing ability, and the reduction was
more with an increased steel fiber aspect and volume ratios.

It is known that every SCC should possess three features; flowability,
passing ability, and segregation resistance. The first two fresh properties
were tested in this study, the third was not, which is usually tested using
the ASTM rapid penetration resistance test. Segregation resistance be-
comes significant with higher flowability (especially for 760 mm or
more - SF3 class) and lower viscosity (VF1 category). In this study, all
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Fig. 2. The hardened state properties of SCAAC specimens.

SCC mixes had a lower flowability than 760 mm, and they were within
the VF2 category. Also, slump flows of all mixes were circular, and any
separation between the alkali-activated binder and aggregates was not
observed. Moreover, the uniformity in the distribution of aggregates in
the broken specimens showed good segregation resistance of SCC mixes.
Therefore, segregation resistance was not tested in this study. However,
it needs to be noted that a segregation resistance test is also required to
cover SCC requirements for structural utilization.

3.2. Hardened performance of SCAAC specimens

Fig. 2 illustrates the mechanical properties of the SCAAC specimens.
The results indicated that the NS incorporation had slightly decreased
the compressive strength and elasticity modulus while slightly enhanced
the splitting tensile and flexural strength of the specimens. Meanwhile,
steel fiber inclusions enhanced all mechanical properties. The
enhancement was found more with an increase in both steel fiber vol-
ume and aspect ratio, in line with other investigations [40,41]. The
highest compressive strength and modulus of elasticity were obtained on
GB-SF2/1.0, while the superior splitting tensile and flexural strength
was reached on GBN-SF2/1.0 specimens. The higher tensile and flexural
performance of specimens with 1% SF and NS can be attributed to the
improved bond strength between matrix and SF resulting from the
incorporation of NS [31].

3.3. Scanning electron microscopy (SEM) analysis

Fig. 3 illustrates the scanning electron microscopy (SEM) micro-
graphs for the SCAAC samples without nanosilica (left) and with NS
(right). The micrographs showed a well-distributed matrix containing
less unreacted ground granulated blast furnace slag particles, implying
the denser and homogeneous microstructure. However, voids and
macrocracks were observed in the micrographs of Fig. 2a, 2¢ and 2.e,
which could be due to the water evaporation, rapid setting and self-
drying of slag particles, and shrinkage of the highly cross-linked C-A-
S-H gel-type reaction products [42,43]. These voids and macrocracks
may result in the loss of bonding between the matrix and steel fibers. The
SCAAC specimens with nanosilica can be visible in the micrographs of
Fig. 2b, 2d, and 2.f, and relatively fewer voids and macrocracks occurred
compared to specimens without NS. The nanoparticles of NS filled the
voids and cavities, and enhanced pore structure with reduced porosity
was obtained. A similar SEM observation result shows that nanosilica
reduces the pore amount and stimulates a toughening mechanism in the
earlier investigation [44]. Another study also showed that the micro-
structure of the interfacial transition zone of aggregate and surrounding
cement matrix was improved due to nanosilica incorporation [45]. In
this study, NS particles could be seen on the micrographs at the
fiber-matrix interface, improving the interfacial transition zone due to
the fineness of NS, which enhanced the bonding between steel fiber and
matrix. The bond strength improvement between matrix and fiber due to
the nanosilica incorporation was also reported [31]. The improvement
in the splitting tensile and flexural strength due to the NS addition can be

23909



A. Nis et al. Ceramics International 47 (2021) 23905-23918
¢) GB-SF1/0.5 d) GBN-SF1/0.5
E il % 23 . "’&‘h
e) GB-SF2/0.5 f) GBN-SF2/0.5
Fig. 3. SEM micrographs of SCAAC specimens with/out nanosilica.
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Fig. 4. Drop number and impact energy of the SCAAC specimens.
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Fig. 5. The conditions of the specimens after first drop and failure.

attributed to the reduced porosity and enhanced microstructure.
3.4. Impact energy

Fig. 4. a shows the drop-weight impact test results of the beam

23911

SCAAC specimens. The number of blows required to cause ultimate
failure found as 2, 10, 41, 47, 128 for GB, GB-SF1/0.5, GB-SF1/1.0, GB-
SF2/0.5, GB-SF2/1.0 specimens, respectively. The impact energy, en-
ergy absorption capacity under impact loading can be the best indicator
of the specimens when the impact performance of the SCAAC specimens
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is evaluated. Fig. 4.b also illustrates the impact energy comparison of the
specimens with respect to GB (reference) specimen. The top values in
Fig. 4.b represent the impact energy ratio of the specimens concerning
GB (reference) specimens. The results pointed out that the impact en-
ergy of the specimens increased 5 times for 0.5% and 20.5 times for 1%
short steel fiber (Keremix 30/40) incorporations. For the long steel
fibrous (Dramix 60/80) specimens, impact energy increments were 23.5
times for 0.5% and 64 times for 1% steel fiber volumes. The obtained
results revealed that the steel fiber incorporation significantly enhanced
the impact energy of the SCAAC specimens. The impact energy was
found more with an increase in the steel fiber volume ratio. The speci-
mens having 1% steel fiber exhibited better impact performance than
the specimens with a 0.5% steel fiber. The steel fiber type also influ-
enced the impact energy, and the specimens with longer steel fibers
(Dramix 60/80) performed better impact performance than the speci-
mens with shorter steel fibers (Keremix 30/40). This is probably due to
the more friction/adherence between steel fiber and matrix when the
longer steel fibers were utilized. In an earlier investigation, steel fiber
lengths (25 mm and 50 mm) and steel fiber volume ratios (0%-2%) on
the impact resistance of the ordinary Portland cement concrete were
investigated in detail. It was reported that long steel fibers showed better
impact performance than short steel fibers, and the impact performance
of the fibrous specimens increased with an increase in the steel fiber
volume ratio. The long steel fibrous specimens with a 2% steel fiber
volume exhibited the best impact performance [46]. Similar findings
were also obtained on SCAAC specimens that the specimens having
longer fibers (Dramix 60/80) with a higher steel fiber volume (1%)
performed the superior impact performance in this study.

Also, nanosilica addition significantly enhanced the impact resis-
tance of SCAAC specimens with/out steel fibers. The number of blows
required to cause ultimate failure found as 7, 25, 89, 62, 289 for GBN,
GBN-SF1/0.5, GBN-SF1/1.0, GBN-SF2/0.5, GBN-SF2/1.0 specimens,
respectively as shown in Fig. 4.a. This impact resistance improvement
can be attributed to reduced porosity [47] and increased bond strength
due to nanosilica incorporation [31]. Also, the impact energy im-
provements due to nanosilica were 3.5 times for specimens without steel
fibers, 12.5 times and 44.5 times for specimens with 0.5% and 1% short
steel fiber incorporations, respectively. For the long fibrous specimens,
the impact energy increments of the specimens were 31 times for 0.5%
and 144.5 times for 1% steel fiber volumes, Fig. 4.b. The results pointed
out that the specimens including 1% long steel fibers and 2% NS
exhibited superior impact performance. The 2% nanosilica incorpora-
tion improved the impact resistance of the specimens more than 2 times
as compared to specimens without nanosilica. In another study, the
impact resistance of ordinary Portland cement concrete specimens with

different nanosilica contents (0.5%, 1%, and 1.5%) was investigated. It
was reported that the number of blows for the first crack formation was
not correlated with the NS incorporation; however, the number of blows
for the ultimate failure increased as the nanosilica incorporation amount
increased [47]. A similar finding was also obtained in this study that
nanosilica incorporations enhanced the impact performance of
non-fibrous and fibrous SCAAC specimens. The lower impact perfor-
mance of the specimens without nanosilica can be also attributed to the
poor interfacial transition zone, which might play a role in fracture
propagation directly [48].

3.5. Results of the drop-weight tests

In this research, the cracking and failure mechanism of the SCAAC
specimens after the first drop and the failure were illustrated in Fig. 5. A
wider big bending crack was obtained after the first impactor drop, and
the failure occurred on the GB (reference) specimens at the 2"¢ impactor
drop. When the crack formation of the SCAAC specimens was investi-
gated, the specimens with 1% steel fibers showed very low crack width
at the tension zone, and even the cracks were hardly visible. The crack
width of the specimens with 2% NS and 1% long SF at the first drop was
observed to be lower than the 1% long steel fibrous specimens without
NS. Similarly, the GBN-SF1/1.0 specimens showed lower cracks than the
GB-SF1/1.0 specimens at the first drop. The specimens with 0.5% steel
fiber had wider crack widths and longer crack lengths (cracks reaches
from tension to compression zone) than the specimens with 1% steel
fiber, and the specimens with NS exhibited relatively lower crack widths
and short crack lengths than the specimens without NS at first impactor
drop.

Similarly, the crack width of the non-fibrous specimens with NS was
reasonably lower than that of the specimens without NS. Meanwhile,
there was no influence of the steel fiber length on the first impactor drop
since similar crack width and lengths were obtained for the specimens
with short and long steel fibrous specimens. When the failure of the
specimens under impact loadings was compared, the specimens with 1%
steel fibers exhibited more energy absorption capacity since wider crack
zones were observed on these specimens. The width of the crack zone
became further with an increase in both steel fiber length and steel fiber
volume ratio. This tremendous impact energy enhancement is primarily
attributed to the crack arresting capability of SF due to their hooked
ends, creating more adherence to the matrix, enabling more stress
transfer amongst SF and matrix [26]. Thus, steel fibers keep the two
sides of the crack bonded. The bonding parts of the specimens become
enlarged with the increase in the steel fiber lengths. In conclusion, the
first crack occurrence was postponed for several impact blows. As the
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Fig. 7. Average acceleration-time and force-time graphs of the specimens for the first drop.

crack widths and lengths were increased, the tensile stress resistance of most common failure type [44,50]. Due to the higher pullout resistance
the steel fibers gets larger after each single blow, while two parts of the resulting from higher development lengths inside the matrix, specimens
cracks are still bridged by steel fibers [49]. As a result, the specimen with longer steel fibers showed higher impact performance than the
failure was delayed for several impact blows up to breaking of bond short steel fibrous specimens. It was also noted that the higher steel fiber
between steel fibers and matrix, where the pullout of steel fibers was the lengths are more efficient in reinforcing tensile, flexural, and impact
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Fig. 7. (continued).

properties [45]. Fig. 5 also revealed that the steel fibers have the po-
tential to prevent the crack formation and dissipate energy to the sur-
rounding zones, and this potential increases with an increase in steel
fiber length and volume ratio.

The influence of nanosilica on the impact resistance was also clearly

seen on the crack width versus drop-weight number results in Fig. 6.
More drop numbers were obtained for the specimens incorporating
nanosilica for both specimens having SF1 (short) and SF2 (long) steel
fibers. As the steel fiber volume ratio increased from 0.5% to 1%, the
crack width values due to impact loadings increased, except for GB-SF2/
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Fig. 8. Average acceleration-time and force-time graphs of the specimens for the failure drop.

1.0 specimens. More cracks were observed at the first impactor drop for
GB-SF2/1.0 specimens, which reduced the width of the main responsible
failure crack.

The short (SF1) and long steel fiber (SF2) lengths also influenced the
final crack width values resulting from the impact loading. The

specimens having longer steel fibers exhibited more crack widths than
the short steel fibrous specimens, resulting in a better deformation ca-
pacity. This is probably due to the higher pullout resistance of the long
steel fibrous SCAAC specimens.

Fig. 7 and Fig. 8 show the average acceleration versus time and force
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versus time graphs at the first drop in the case of first damage and the literature [51]. Also, both displacement and velocity results were

failure drop in the case of specimen failure (# shows failure drop influenced similarly to the acceleration values in this study. Thus, the
number). It was reported that the average acceleration versus time result impact performance evaluations were realized using average accelera-
was more suitable for the impact performance evaluation than the ve- tion versus time graphs. Typical acceleration versus time graphs showed
locity and displacements graphs, and the comments were generally that the beams start to vibrate in a similar direction to the free-fall
based on the acceleration values from similar investigations in the weight. In general, the maximum acceleration results were obtained in
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the first few cycles. After reaching the maximum acceleration values,
beam specimens continued to vibrate with reducing amplitudes, as
shown in Fig. 7 and Fig. 8. Impact load versus time graphs were also
given to observe the variation of impact load with time, and the obtained
results revealed that the impact loads affect the beams in a very small
time interval.

The acceleration or force versus time graphs at the first drop can be
evaluated together with the damage photos of the specimens, as shown
in Fig. 5. The high acceleration or force values give a better indicator of
the serious damage on the specimens due to the impact loading. For the
GB (reference) specimens, the acceleration and force values were
reached very high values, and the specimen showed a very wider crack
width and crack length reaches the top fiber of the compression zone,
indicating very serious damage at first drop. For the specimens with
0.5% steel fibers, cracks were reached from the tension zone to the
compression zone, while cracks almost remained in the tension zone for
the 1% steel fibrous specimens at first impactor drops, which is an in-
dicator of less damage for the 1% steel fibrous specimens at first impact
drops. Some of the SCAAC specimens showed more than one crack, as
shown with red circles in Fig. 5, resulting in higher acceleration values
and larger displacements and crack widths, which is an indicator of a
high energy absorption capacity. It was noted in the earlier in-
vestigations that a rise in the acceleration values indicated the higher
resistance against impact loads and higher energy absorption capacities
[52], and lower acceleration values resulted in lower velocity and
displacement values [51].

Some of the specimens exhibited very low impact force values for the
failure drops, while others (GB-SF2/1.0, GBN-SF1/1.0, GBN-SF2/0.5,
and GBN-SF2/1.0) showed higher impact force values, Fig. 7. This can
be an indicator of the less impact damage up to the failure impactor drop
on the GB-SF2/1.0, GBN-SF1/1.0, GBN-SF2/0.5, and GBN-SF2/1.0
specimens, which can be utilized in structural applications where
higher impact energy absorption is required. A similar impact behavior
finding was also explained in the earlier investigation [45]. In the study
[45], the energy absorption development was divided into three stages.
The first stage was called elastic collision, transferring more gravita-
tional potential energy into kinetic energy of beams, causing lower en-
ergy absorption of the material. The second stage was attributed to the
fiber pull-out process. The partially damaged beams tend to be soft due
to the degeneration of stiffness, resulting in more impact energy trans-
formation into the material deformation energy instead of kinetic en-
ergy. The last stage was a failure acceleration stage where damage
degree develops faster and faster up to the overall breakage from the
center occurs, and more impact energy is absorbed due to the large
deformations. Similar behavior was also observed in this research on the
SCAAC specimens with higher SF volumes and NS incorporating
specimens.

4. Conclusions

In the research, the impact performance of slag based self-
compacting alkali-activated concrete (SCAAC) with/out nanosilica and
steel fibers were investigated in detail. For this aim, 2% nanosilica, short
and long steel fibers with steel fiber fractions of 0.5% and 1% were
utilized to investigate the influences of nanosilica and steel fibers with
different lengths and volumes on the resulting impact and mechanical
performances. The fresh state performance was assessed via slump flow,
V-funnel, and L-box tests. The hardened state performance was evalu-
ated using compressive strength, elasticity modulus, splitting tensile
strength, flexural strength, and impact tests. The following findings were
summarized below;

e The fresh state test results indicate that all SCAAC mixes had
adequate flowability and passing ability based on the required lim-
itations/standards. The additions of nanosilica slightly enhanced,
while fiber incorporations decreased the flowability and passing
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ability. A more reduction in the flowability and passing ability was

observed for the specimens having longer fibers and high fiber

volumes.

The incorporation of both nanosilica and steel fibers into slag based

SCAAC adversely affects compressive strength and elasticity

modulus. In contrast, they favorably affect splitting tensile strength,

flexural strength, propagation of cracks, impact resistance and en-
ergy absorption capability.

The combined utilization of nanosilica and steel fiber enhances more

the splitting tensile strength and flexural strength than the individual

utilization of nanosilica and steel fiber, while the combined utiliza-
tion of them significantly enhanced the impact resistance and energy
absorption capacity.

The 2% NS utilization enhanced the impact resistance of SCAAC

specimens with/out steel fibers more than 2 times than the speci-

mens without nanosilica. This improvement can be attributed to the
reduced porosity, enhanced microstructure, and toughening mech-
anism due to nanosilica.

The incorporations of long fibers are more effective than the short

fibers in increasing compressive strength, elasticity modulus, split-

ting tensile strength, flexural strength, impact resistance, and energy
absorption capacity. The efficiency of fibers becomes more with an
increase in fiber volume.

For the specimens without nanosilica, the impact energy improve-

ments were five times higher for 0.5% short fibrous specimens, 20.5

times higher for 1% short fibrous specimens, 23.5 times higher for

0.5% long fibrous specimens, and 64 times higher for 1% long fibrous

specimens compared to the reference (without nanosilica and steel

fiber) specimens. Meanwhile, for the specimens with 2% nanosilica,

the impact energy improvements were 12.5 times higher for 0.5%

short fibrous specimens, 44.5 times higher for 1% short fibrous

specimens, 31 times higher for 0.5% long fibrous specimens, and

144.5 times higher for 1% long fibrous specimens compared to

reference specimens.

Due to the higher pullout resistance, long steel fibrous specimens

showed higher crack widths than the short steel fibrous specimens,

resulting in more energy absorption capacity under impact loadings.

The number of blows for failure under the drop weight tests

increased with both steel fiber and nanosilica incorporations. The

combined utilization of nanosilica and steel fibers have the potential
to delay the crack formation and dissipate energy to the surrounding
zones, and this potential increased with an increase in steel fiber
length and steel fiber volume ratio. The addition of nanosilica creates

a strong bond between the matrix and steel fiber, which delays crack

propagation.

e Average acceleration-time and force-time graphs results showed that
a failure acceleration stage where damage degree develops faster and
faster up to the overall failure is responsible for the failure of spec-
imens due to the impact loadings, especially for the SCAAC speci-
mens with nanosilica and higher steel fiber volumes. Therefore,
nanosilica and steel fiber should be utilized together in structures
susceptible to impact loadings such as bridges and harbors.
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