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Abstract

The objective of this study is to investigate the efficiency of volcanic scoria when added to the concrete binder at a
nano-scale. Nano volcanic scoria (nano-VS) was obtained by grinding a local volcanic scoria for 6 h. Twenty-four concrete
mixes with four w/b ratios (0.4, 0.5, 0.6 and 0.7) and six-replacement levels of nano-VS (0%, 1%, 2%, 3%, 4%, and 5%) have
been produced. The investigated concrete properties were the compressive strength, the water penetration depth, the
concrete porosity and the chloride ion permeability. Workability of fresh concrete mixes has been also determined. The
efficiency factor (k) of nano-VS in terms of compressive strength was calculated using the Bolomey equation. Durability
indicators have been used to globally evaluate the behavior of nano-VS-based binder concrete versus control concrete.
The results revealed that the efficiency factor (k) decreased to some extent when the nano-VS content was bigger than
4%. The calculated durability indicators showed that the nano-VS contents of 3% and 4% had approximately the high-
est indicators values. These indicators would be helpful for concrete mix designers. Some correlations between the
investigated properties were derived from the analyzed data. The modification of the microstructure of nano-VS-based
cement paste has been observed, as well.
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1 Introduction during cement hydration [12]. However, use of nano-par-
ticles could be a solution to overcome this disadvantage.
Several types of nano-additives such as nano-SiO,, nano-

clay, nano-Al,O;, nano-Fe,0; and carbon nanotubes

Although there have been many studies on the use of nat-
ural pozzolan in literature, there are still limited works on

using volcanic scoria (VS) either at micro or nano-scale. The
author thinks that no or very little number of studies on
the use of nano-VS as cement replacement can be found
in literature. Volcanic scoria cones exist in large numbers
around the world, such as in Syria, Turkey, Iran and oth-
ers [1-10]. One may find more details on the use of VS as
a substitute for Portland cement, in the chapter recently
published by the author [11].

One of the main shortcomings associated with using
volcanic scoria at a micro-scale is the reduction of
strength at early ages. This reduction could be mainly
due to the slowness of the pozzolanic reaction between
the glassy phase in volcanic scoria and the CH released

have recently been used in order to enhance the com-
pressive strength and the concrete durability [13-17].
This enhancement was attributed to the very high fine-
ness and pozzolanic reactivity of the nano-particles [18].
In addition, acting as nucleus, nanoparticles can produce
concrete of more compacted microstructure despite of
small replacement level [14]. Therefore, it is possible to
obtain less porous concrete with high early compres-
sive strength and long service life. In a study carried out
by Zhang & Li [19], enhanced resistance to chloride ion
penetration was observed when nano particles, such as
nano-SiO, and nano-TiO, were added to the mix. They
found that the addition of 1% nano-SiO, reduced the
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chloride diffusion coefficient by about 18% when com-
pared with the control concrete. Further, much more
reduction was noted when 1% nano-TiO, content was
added. It was estimated to be more than 30%. They also
concluded that the enhanced extent of the resistance to
chloride ion penetration of concretes reduces with the
increasing content of nano-particles. They attributed the
improvement in this resistance to the refinement of pore
structure offered by adding such nano particles.

On the other hand, the resistance to sulfate ion attack
was significantly enhanced when nano particles were
added to the concrete mix. Very high sulfate resisting
binder was obtained when PC was blended with only
2% nano-SiO, [20, 21]. Singh et al. [22] also reported
similar results when 5% nano-silica was added as cement
replacement. However, it is important to mention that
nanoparticles have a tendency to agglomerate when
using at high dosages (i.e. more than 3% by weight) in
the mix [13, 14, 23]. The aggregation forms weak zones
and consequently prevents the formation of homog-
enous hydrate microstructure. Therefore, the optimum
dosage of nano-VS should be examined before its exploi-
tation in the field of concrete industry.

Furthermore, adding nanoparticles as partial cement
replacement may markedly modify the rheological prop-
erties of pastes and consequently influences the work-
ability of mortars and fresh concrete mixes [24, 25]. In
their study, Nazari & Riahi [24] found that the addition
of TiO, nanoparticles reduced the concrete workability.
This reduction was obvious in the concretes of higher
nano-TiO, content, i.e. 3% and more. The increase in
surface area due to the added extremely fine particles
may justify this result [24]. Sneff et al. [25] also found
that fluidity and spreading of the cement paste and
mortar decreased as the nano-silica content increased.
However, Ferraris et al. [26] argue that the relationship
between the rheology of cement paste and that of con-
crete has not been completely established. This could
be attributed to the fact that the rheology of cement
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paste is typically measured under conditions different
from those encountered in concrete [26].

Many published studies on the use of nano-additives
have just investigated the properties of concrete after
7 and 28 days curing [27, 28]. However, properties of
concretes containing nano-particles, such as compres-
sive strength, water permeability, chloride penetrability
and porosity have not widely been investigated at later
ages (i.e. 90 and 180 days). Therefore, the present paper
attempts to highlight some different properties of con-
crete made with binder containing nano-VS after five
curing ages (2, 7, 28, 90 and 180 days). The investigated
properties are:

(1) One mechanical property; i.e. the compressive
strength (CS).

(2) Three durability-related properties; i.e. water perme-
ability (WP), porosity (PO) and chloride ion penetra-
bility (CIP).

(3) Inaddition to the above mentioned properties, the
slump test was carried out for all fresh concrete mix-
tures in order to determine the effect of adding nano-
VS on concrete workability.

Six levels of nano-VS replacement and four different w/b
ratios have been used. The efficiency factor (k) was evalu-
ated considering the compressive strength. On the other
hand, the durability indicators were evaluated using the
compressive strength and the concrete properties related
to its durability. In addition, some relationships between
different properties of concrete have been extracted, and
some prediction correlations have been derived.

The importance of the current study can be summa-
rized in the following points:

(1) Use of nano-technology in the field of concrete indus-
try can be considered the first of its kind in our coun-
try. It is true that the replacement levels of nano-VS
are not high enough to reduce CO, emissions signifi-
cantly, but blending nano-VS with a high content of
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Fig.2 SEM (a), AFM (b) micro-
graphs of nano-VS with EDS (c)
and XRD (d) analysis (An: Anor-
thite, Dp: Diopside, Fu: Fujasite,
Ca: Calcite, Fo: Forstrite)
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micro-VS could be a promising approach, particularly
in the rebuilding stage in Syria.

The encouraging results obtained by the author et al.
[1, 12] on using Syrian micro-VS, as a partial substi-
tute for cement, were behind the current study.
The replacement levels, which were up to 35%, can
achieve a remarkable reduction in CO, emissions and
energy consumption.

Studies on using nano-natural pozzolan, particularly
of volcanic origin, in making concrete mixtures are
too limited. Therefore, investigating the effect of

(2)

(4)

(d)

100

Sieve size (mm)

nano-VS on the concrete properties may be of much
benefit to the literature.

The obtained results may be useful for designers of
nano-VS-containing concrete mixes. Hence, they can
determine the optimum content of nano-VS, which is
similar to the investigated one. This optimum content
fulfils the best performance of the concrete in terms
of compressive strength and durability.
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Table 1 Slump test results of the concrete mixes prepared without
superplasticizer (measured in accordance with ASTM C143-2000)

Concrete mixes  Slump test results + standard deviation (SD)

values (mm)

w/b=04 w/b=05 w/b=06 w/b=0.7
Nano-VS0 * 84+2.2 126+2.4 180+3.6
Nano-VS1 * 82+1.7 126+3.1 177+1.9
Nano-VS2 * 78+23 123+2.2 175+25
Nano-VS3 * 7720 119+1.8 173+2.6
Nano-VS4 * 75+14 120+2.0 169+2.3
Nano-VS5 * 67 +2.1 114+2.7 161+3.1

*The slump test results were less than 25 mm

2 Efficiency factor and durability indicators
of volcanic scoria

The concept of the efficiency factor, k, was first proposed
by Smith [29] as the basis of his rational proportioning
approach for fly ash concrete. Originally, the k factor
was defined as the mass of a supplementary cement-
ing material that makes the same contribution to the
strength of concrete as a unit mass of ordinary Portland
cement (OPC). According to Thomas and Matthews'
study [30], 1 kg of fly ash makes the same contribution
to the 28-day strength of concrete as 0.32 kg of OPC; i.e.
k=0.32. Babu and Rao [31] have suggested that “k-value”
of fly ash can be suggested as 0.25 for replacements up
to 25%. Studies on silica fume, on the other hand, have
shown that k values range from 2 to 4 [32]. Pozzolan can
be considered more efficient than OPC when k> 1. OPC

saving is possible in such a case. On the other hand, poz-
zolan can be considered less efficient than OPC when
k < 1. More pozzolan content should be used to achieve
the required target strength in such a case. European
standard for concrete (EN 206-1:2000) has reported only
the efficiency factor, k, for fly ash and silica fume. The
maximum percentage of fly ash to be incorporated when
the k value is concerned is fly ash/cement < 0.33 by mass.
German Standards DIN 1045 recommend a k value of
0.3 for replacement levels between 10 and 25%. British
Code (BC) refers to a k value of 0.4 for replacements up to
0.25%. No k value was given for natural pozzolan either
at micro- or nano-scale in the European Standard, and
little data are available on its efficiency factor at micro-
scale in the literature.

Tchamdjou et al. [33] have studied this term in order
to evaluate four volcanic scoria samples of different
colors (black, dark red, red and yellow). 28-days com-
pressive strength, sorptivity and carbonation were
investigated in their study. Their result showed that
15% dark red VS- and 15% red VS-based mortars had
a similar durability index versus control mortar when
strength, sorptivity and carbonation depth were taken
into account. In addition, the mortar with 15% dark red
VS was better than control mortar when only strength
and carbonation depth were taken into account.

3 Materials and methods
A local volcanic scoria quarried from the south of Syria was

used in the experimental part. Its main oxides (%) are as
follows: SiO,: 45; Ca0: 9; Al,O5: 17; Fe,05: 9; MgO: 8; alkalis

(o)

Fig.4 Slump test photos of some fresh concrete mixes (a and b concrete mixes made with no superplasticizer and ¢ with superplasticizer

added)
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W/b=0.4

Fig.5 Compressive strength
versus curing age for nano-VS-
based concretes made with
different w/b ratios (SD values
ranged from 0.25 to 1.41 MPa)
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(Na,O & K,0): 4.5. In addition, its reactive silica content
(Si0reactive) has been determined in accordance with EN
196-2, and its value was about 41%. The particle size distri-
bution of nano-VS as compared with VS-as received is illus-
trated in Fig. 1. SEM and AFM micrographs of the nano-VS
associated with EDS and XRD analysis are shown in Fig. 2.
After 6-h grinding, nano-sized VS particles with a rela-
tively round shape were obtained, as can be clearly seen
in Fig. 2a, b. The prolonged grinding may form a highly
reactive material on the surface of the mineral particles. In
addition, Fig. 2¢, d shows the chemical and mineralogical
composition of the investigated VS obtained by EDS and
XRD techniques, respectively.

Nano-VS has been added at six replacement levels, i.e.
(0%, 1%, 2%, 3%, 4% and 5%). Four w/b ratios, i.e. 0.4, 0.5,
0.6 and 0.7 have been used in the current work. Aggre-
gates used in the concrete mixes were crushed dolomite
stone (Specific gravity; SG=2.82) and natural river sand
(5G=2.69). Their grading curves are illustrated in Fig. 3.
The binder content was 350 kg/m?. The method of mixing
suggested by Jo et al. [27] was adopted, with some minor
modification, in the current study. The five steps modified
method can be summarized as follows:

Curing time (day)
(d) Nano-VS (w/b=0.7)

(1) Nano-VS was mixed with water using ultra-sonic
mixer “Bandelin Sonorex model” for 3 min to get a
uniform dispersion of nano-VS particles.

(2) Cement and aggregates were thoroughly mixedin a
dry form for 2 min in a concrete rotary mixer.

(3) The mixture of nano-VS and mixing water was poured
gradually.

(4) The superplasticizer “type F” (if applicable) was added
to get the desired slump (150 £ 25 mm).

(5) The mixture was allowed to rest for 1 min. Any solids
adhered to the internal surface of the mixer were re-
blended in the concrete mixer. Then, the mixture was
mixed for another 2 min period.

Slumps of the fresh concrete mixes prepared without
superplasticizer were measured immediately, in accord-
ance with ASTM C143-2000, to evaluate the concrete work-
ability. The results are illustrated in Table 1 and Fig. 4.

Four properties have been particularly investigated; i.e.
compressive strength (CS), water permeability (WP), poros-
ity (PO) and chloride ion penetrability (CIP). These investi-
gations or tests have been carried out after five different
curing ages i.e. (2, 7, 28, 90 and 180 days) in accordance
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Fig.6 WP results accompa-
nied by the error bars of the
concretes made with different
w/b ratios and cured for five
different curing ages
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with ISO 4012, EN 12390-8, RILEM CPC 11.3 and ASTM
C1202, respectively.

The compressive strength results and Bolomey strength
equation, Eq. 1, have been employed in determining the
efficiency factors of nano-VS on the concrete compressive
strength. Tchamdjou et al. [33], Pekmezci and Akyuz [34]
and Kaid et al. [35] have used the following Bolomey equa-
tion, Eq. 1, to determine the efficiency factor of natural

pozzolan
- 0.5)

fC :kb<

where f_is the concrete compressive strength (MPa), C is
the cement content in the concrete (kg/m3), W is the water
content, VS is the volcanic scoria content (kg/m?) and K, is
the Bolomey coefficient. K, is calculated from the concrete
mix with zero content of nano-VS, k is the efficiency factor.

In addition, the durability indicators were calculated
using Eq. 2 [33]

C+kxVS

7 Q)

DI = f. : Per; :
“\f Per, 2
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where f_/f_ & Per/Per,_are the relative compressive strength
and the relative permeability-related property of VS-based
binder concretes; f_and Per_are the compressive strength
and permeability-related property of the control concrete.

The expression ”—( :" 1 ) takes into account the nega-

™
tive effect of permeability-related property on the durabil-
ity. Concrete with positive DI is considered better than

control concrete from durability point-of-view.

4 Results and discussion
4.1 Concrete workability

Figure 4 and Table 1 illustrate the results of fresh concrete
slumps determined following the standard test method
specified by ASTM C143. As shown in Table 1, all con-
cretes containing nano-VS had lower workability when
compared with those of control concrete at all w/b ratios.
The reductions in slump values were clearly observed in
all concrete mixes, particularly when nano-VS was added
at high replacement levels, i.e. 5%. They ranged from 11
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Fig. 7 Relative WP results of wie=0.4
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to 20% in the nano-VS5-based concretes prepared at w/b
ratios of 0.7 and 0.5, respectively. These results are in well
agreement with that reported in literature [24, 36, 37]. The
lower workability obtained when using nano-VS, particu-
larly at high replacement level, i.e. 5%, can be attributed
to the increase of surface area of the binder after adding
nano-VS particles that need more water for wetting the
binder nanoparticles [24, 38]. In addition, the ultra-high
specific area and high surface energy of the nano-VS par-
ticles will result in attraction of each other. The more the
number of nano-VS particles the higher their capability to
agglomerate in the concrete mix [36].

4.2 Development of concrete compressive strength

Figure 5 illustrates the results of compressive strength
development with curing age. As shown in Fig. 5 all
concretes containing nano-VS have higher compressive
strengths when compared with those of control concrete
at all w/b ratios. In addition, the compressive strength
of the concrete incorporating nano-VS was significantly
enhanced, particularly at early ages. This improvement
can be attributed to the pozzolanic and filling effects
of nano-VS. Further, nano-VS particles were not only

(d) Nano-VS (w/b=0.7)

acting as a filler, but also could be act as an activator to
promote hydration if the nano-particles were uniformly
dispersed. In contrast to the results of Hakamy et al. [14]
and Oltulu & Sahin [16], the addition of nano-VS beyond
1% by weight into binder has not adversely affected
the compressive strength. This can be ascribed to the
adopted mixing method by which the nano-VS particles
might be well dispersed and no or limited agglomera-
tion has encountered. The compressive strength of the
concretes was found to increase as the nano-VS content
increased from 1 to 4%. However, a little decrease in
strength was observed when nano-VS content increased
from 4 to 5%. This could be due to some agglomeration,
which may occur when this relatively high nano-VS con-
tent is used.

4.3 Properties of concrete permeability

Figures 6,7, 8,9, 10 and 11 shows the results of permeabil-
ity-related properties for all percentage of nano-VS, curing
ages and w/b ratios. For all types of concrete mixes, WP
increased with the increase of w/b ratio, as clearly seen
in Fig. 6. WP moved from low to high when w/b increased
from 0.4 to 0.7, according to Neville's grading [39]. In
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addition, all nano-VS-based concrete mixtures prepared
with w/b <0.5 can be classified as “low permeable” when
cured for 28 days or as “impermeable even under severe
conditions” when cured for 90 days or longer. On the other
hand, no concrete mix can be classified as “impermeable”
when prepared with w/b=0.7. Further, WP was signifi-
cantly reduced, even at early ages, when nano-VS of con-
tent = 3% was used. This can be due to the extremely small
size of nano-VS particles, which can fill the pores and their
very high reactivity, which leads to a more compacted
matrix with more cementing compounds [40]. WP results
of nano-VS-based concrete relative to those of control con-
crete are shown in Fig. 7. It is clearly seen in Fig. 7, that at
all w/b ratios, an increase in nano-VS leads to a decrease
in WP values, particularly when nano-VS content was < 4%.
However, a little increase in WP values was noted when
nano-VS content increased from 4% to 5%. This is due to
the probability of the agglomeration of nano-VS particles
added at higher percentages, i.e. 5%.

Similar trend was observed in both porosity and chlo-
ride ion penetrability results, Figs. 8,9, 10 and 11. However,
it is worthwhile to note that when moving from 4 to 5%
nano-VS contents, the relative WP results were not in the
same trend when compared with those of CIP. On the one
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hand, the difference in WP properties between the mixtes
with 4% and 5% is noticeable for the higher w/b ratios.
For instance, after 7 days curing, the relative WP results
for 4% nano-VS- and 5% nano-VS-based mixes were 0.59
& 0.7 and 0.64 & 0.72 when w/b ratio changed from 0.4
to 0.7, respectively. On the other hand, the difference in
CIP properties is more obvious for the lower w/b ratio. For
instance, after 7 days curing, the relative CIP results for
4% nano-VS- and 5% nano-VS-based mixtures were 0.32
& 0.51 and 0.57 & 0.66 when w/b ratio changed from 0.4
to 0.7. The explanation of these obtained results needs
further investigation. However, the different transport
mechanisms involved in the water permeability test and
the chloride ion penetration test may justify this difference
at present time [41].

Figure 12 shows the correlations among the permeabil-
ity properties of the investigated concretes. Definite corre-
lations with regression coefficients (R?) of more than 0.85,
were noted among these properties, such that knowledge
of one property can be helpful for estimating the other.
According to the Montgomery & Peck [42]’ grading, the
relationship can be labelled excellent when R? is equal
or bigger than 0.85. More parameters such as concrete
aggregate type, volcanic scoria type and other curing
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conditions could be further incorporated for developing
similar relationships.

4.4 Efficiency factor and durability indicator

The efficiency factors of nano-VS were calculated for
each replacement level using Bolomey equation. Fig-
ure 13 illustrates the evolution of efficiency factors, k,
for all mixes cured for 28 days. As seen in Fig. 13, with
increasing nano-VS content, up to 4%, the efficiency of
nano-VS tends to increase, and beyond this replacement
level, k-value tends considerably to decrease. This can
be attributed to some occurring agglomeration of these
extremely fine particles at this level of replacement. In
addition, the best k-value was noted when nano-VS
was added at 3%. K-values of about 5.8 (irrespective of
the w/b ratio) were recorded. This argues that nano-VS,
because of its very fineness and its very high reactivity,
was much more efficient than OPC. Further, no clearly
different behavior was observed when w/b ratio varied.

Based on the statistical analysis, an equation to esti-
mate the efficiency factor (k) when considering two vari-
ables, i.e. curing age and nano-VS content can be written
as follows:

7 28 9
Curing time (day)
(d) Nano-VS (w/b=0.7)

K = (a; X NVS + a,) X Int + a3 X NVS + a, (3)

where k is the efficiency factor; NVS is the percentage of
nano-VS; tis the curing age (day); a,, a,, a; and a, are con-
stants. Based on the regression analysis of the obtained
efficiency factors, the constants have been extracted.
The best-fit constants a;, a,, a; and a, and the regression
coefficients (R?) of the relationship between the experi-
mental and the calculated values are depicted in Table 2.
The results indicated significant relationships between the
nano-VS efficiency factor and the curing age with different
contents of nano-VS. The derived equation for predicting
the efficiency factor of VS can be fruitfully employed by
the concrete mix designers.

Durability indicator values when all investigated prop-
erties were taken into account were calculated accord-
ing to the general formula nr (2) and illustrated in Fig. 14.
Figure 14 shows that almost nano-VS4-based cement
concretes of w/b > 0.6 exhibited the highest DI values.
This means that these concretes performed the best ones
when w/b was equal or more than 0.6, when the compres-
sive strength and all permeability-related properties were
taken into consideration. The highest positive DI values
were recorded when 3% < nano-VS content < 5%. This
unexpected result can be explained as follows: Increasing
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the w/b ratio of a concrete mix results in a larger inter-par-
ticle spacing between cement grains and thus formation
of more voids can be expected. In the concrete mix pre-
pared with w/b =0.4, fewer voids can be detected within
the cement matrix. On the other hand, the mix prepared
with w/b of 0.6 or more will have higher porosity. There-
fore, the authors think that the filling effect of nano-VS
might be more obvious in the concretes of relatively high
w/b ratios. Nonetheless, further investigation is recom-
mended in this direction. Further, as can be clearly seen
in Fig. 14, the highest positive DI values (i.e. more than 1.7)
were recorded when nano-VS content was added either
at 3% or 4%.

4.5 Microstructural analysis

The investigated paste samples were micro structur-
ally examined by Scanning Electron Microscope (SEM,
VEGA Il TESCAN) fitted with energy dispersive X-ray
spectroscopy (EDS, EDAX AMETEK) after being dried,

SN Applied Sciences

A SPRINGERNATURE journal

Chloride ion penetrability (w/b=0.4)

Chloride ion penetrability (w/b=0.5)
16000

@2 days curing g% gays curing
07 days curing ? ays curing
528 days curing "E 14000 :g(g) gzy: ngg
@90 days curing g 12000 180 di s curiﬁg
180 days curing ° Y

O

z 10000

£ 8000

g 6000 E

= H =

S 4000 MY :

=) H H

2 Sl

= H H

s 2000 : :

0 H H

3% 4% 5% 0% (Control)l % 2% 3% 4% 5%

Chloride ion penetrability
82 days cu(ﬁng
07 days curing
0128 days curing
m90 days curing
180 days curing

3%
Nano-VS content (%)
(c) Nano-VS (w/b=0.6)

Nano-VS content (%)
(b) Nano-VS (w/b=0.5)

2 days curing

Chloride ion penetrability (w/b=0.7)
@7 days curing

16000 B28 days curing
m90 days curing
14000 180 days curing

W/b=0.6)
12000

10000

8000

6000

4000

Chloride penetrability (Coloumbs)

2000

0

0% (Control) 1% 2%

3%
Nano-VS content (%)
(d) Nano-VS (w/b=0.7)

4% 5% 4%

fragmented and rinsed with acetone. Figure 15 shows
the SEM micrographs of the pastes prepared with
w/b=0.6 and cured for 7 days. A non-compacted struc-
ture with a relatively high porosity can be detected in
the control sample as shown in Fig. 15a. On the other
hand, more compacted structure with fewer CH crys-
tals and limited voids is detectable in each of the nano-
VS3-based paste and nano-VS5-based paste, Fig. 15b, c.
This significant improvement can be due to the more
C-S-H and C-A-S-H compounds, formed by the poz-
zolanic reaction occurring between the vitrified phase
of nano-VS and the portlandite (CH) produced during
the hydration of cement components, namely C3S and
C2S. Further, a lower quantity of CH crystals can be seen
in the pastes containing nano-VS3 and nano-VS5 when
compared with that of zero nano-VS content. Further-
more, cementing compounds of relatively low Ca/Si ratio
can be noted in the nano-VS3-based paste, Fig. 15 (b).
Formation of such compounds may result in having con-
crete of less permeable and thus more durable [43]. This
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was practically confirmed by the results obtained when
nano-VS3-based concretes were tested under either
water or chloride ion penetration, as obviously seen in
Figs. 6 and 10, respectively.

4.6 Cost-effectiveness of the investigated nano-VS

The high initial cost of using nano-particles still represents
a big Challenge. Although, the preparation cost of the
investigated nano-VS was relatively high, i.e. about $45/
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Fig. 13 Efficiency factors of VS-based binder concretes cured for
28 days at different w/b ratios

Table2 Constants a,, a,, 03 and a, and R? values of the relationship
between the experimental and calculated efficiency factors based
on the derived equation

w/b Constants R?
a, a, a; a,

0.4 4,56 —-0.9296 —-31.977 6.8028 0.89

0.5 -0.85 —0.5963 —10.652 5.4786 0.82

0.6 1.9 —-0.7144 —-20.172 5.8112 0.91

0.7 478 —0.7788 —33.871 5.9765 0.96

kg, but this figure can be considered reasonable for the
following:

(1) Nano-VS was prepared, in the current study, in small
quantities and at a laboratory scale.

(2) Higher costs were reported in literature, for instance,
the cost of one Kilogram of nano-Al,O; was about
$100 [44].

(3) The figure covers the mill balls wearing, the electricity
consumption costs during sample grinding and the
particle dispersing process.

On the other hand, the application of nano-VS on a
large scale and the reduction of rehabilitation costs due to
the improved properties offered by nano-VS would make
it more cost-effective in the long-term [45].

5 Conclusion

The application of nano-VS can be considered as emerging
areas of interest in the countries where many scoria cones
are available.

This paper points out the following:

1. The workability of fresh concrete was markedly
affected by adding nano-VS at high replacement
levels. About 15% decrease in slump values were
observed when 5% nano-VS was added.

2. Thedelay in compressive strength, which is associated
with the use of micro-VS, can be overcome by adding
VS at a non-scale even at small dosage. Hence, study
on using both micro and nano-VS is highly recom-
mended.

3. The permeability properties of concrete can be sig-
nificantly reduced by adding nano-VS even at small
dosages.

4. The binders containing nano-VS content of 3 or 4%
performed the best among all other binders taking
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Ow/b=0.5
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Ow/b=0.7

Fig. 14 Durability indicators of 2.5 1
concretes containing different
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Fig. 15 Scanning electron micrographs (x5000) with EDS analysis of a control paste (nano-VS0), b and ¢ nano-VS3- and nano-VS5-contain-

ing pastes, respectively, cured for 7 day

into account the permeability properties, i.e. water
permeability, porosity and chloride ion penetrability.
K-value of about 4.6 (for 4% replacement level irre-
spective of the w/b ratio) can be considered helpful in
a future eco-friendly concrete mix design.

5. An attempt to derive a prediction formula for estimat-
ing the efficiency factor, i.e. k, was supplied by the
author. The effect of curing age and nano-VS content
were considered in this estimation. This formula gives

a relatively accurate prediction (R?=0.82) of the effi-
ciency factor at all w/b ratios.

SEM analysis showed notable densification in the
cement paste containing nano-VS. The microstructure
of the cement paste containing nano-VS revealed a
dense, compact formation of hydration products and
a reduced number of CH crystals.

Unexplored volcanic scoria cones could be a matter of
attraction to the makers of more durable and sustain-
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able concretes, particularly when VS is added at micro
and nano-scale.

Addition of nano-VS can be considered a promising
approach. However, some properties need to be fur-
ther checked.
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