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Abstract

Research for alternative binders has become a necessity due to cement’s embodied carbon, climate change, and depletion of
natural resources. These binders could potentially reduce our reliance on cement as the sole binder for concrete while simulta-
neously enhancing the functional characteristics of concrete. Theoretically, the use of finer particles in the cement matrix
densifies the pore structure of concrete and results in improved properties. To validate this hypothesis, current research was
designed to investigate how the value-added benefits of nano-silica (NS) and metakaolin (MK) in fly ash (FA)-blended cement
affect the mechanical and durability characteristics of concrete when used as ternary and quaternary blends. Additionally, the
cost—benefit analysis and environmental impact assessment were conducted. It was observed that the synergy of MK and NS used
in FA-blended cement had a greater impact on enhancing the functional characteristics of concrete, while 10% MK as ordinary
Portland cement (OPC) replacement and 1% NS as an additive in FA-blended OPC concrete was the optimum combination
which achieved 94-MPa compressive strength at the age of 91 days and showed more than 25% increment in the flexural and
splitting tensile strengths compared to the control mix (MS00). The ultrasonic pulse velocity and dynamic modulus of elasticity
were significantly improved, while a significant reduction in chloride migration of 50% was observed. In terms of environmental
impact, MS100 (30% FA and 10% MK) exhibited the least embodied CO, emissions of 319.89 kgCO»/m?, while the highest eco-
strength efficiency of 0.268 MPa/kgCOz-m_3 with respect to 28-day compressive strength was exhibited by MS101. In terms of
cost—benefit, MS00 was determined the cheapest, while the addition of MK and NS increased the cost. The lowest cost of
producing 1 MPa was exhibited by MS01 with a merely 0.04-$/MPa/m”® reduction compared to MS00.

Keywords Cost-benefit analysis - Durability - Embodied carbon - Mechanical properties - Metakaolin - Nano-silica - Ternary
blending - Quaternary blends

Introduction construction projects. Generally, concrete structures have to
withstand harsh environmental conditions such as structures
subjected to waterlogging and salinity and structures exposed

to chloride environments such as a marine environment that

Ordinary Portland cement (OPC) based concrete is used in
every structural application, and it is suitable for normal
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result in damage to concrete structures (Shafiq et al. 2019).
One of the primary reasons for durability failure is corrosion,
and the most common source of corrosion is the aggression of
chloride ions into the concrete which affects strength loss,
long-term performance, and esthetic appearance of reinforced
concrete structures (Bagheri and Zanganeh 2012). Thus, in
recent years, it has gained increasing attention because of its
extensive occurrence (Song et al. 2008). The concrete industry
contributes to emissions of carbon dioxide (CO,) into the
environment between 5 and 7% globally due to the production
of cement and its use in concrete (Benhelal et al. 2013). The
emission of CO, in the production of cement is a major con-
cern for the environment. Xi et al. (2016) estimated that for the
period of 1930 to 2013, 76.2 billion tonnes of cement were
produced and consumed, subsequently releasing 38.2 billion
tonnes of CO, gas into the atmosphere. According to a recent
report from US Geological Survey (2019), approximately 4.1
billion tonnes of cement were produced in 2018 alone. To
produce 1 tonne of cement, approximately 0.9 tonne of CO,
gas is emitted (Maddalena et al. 2018) and also consumes 1.5
tonnes of raw materials (Rashad 2015). With the expectation
that in coming years, the demand for concrete will increase
and, therefore, so will the production of cement. It has caused
alarms due to its contribution to climate change as well as the
depletion of natural resources.

The production of high-strength and high-performance
concrete (HPC) requires lower water-binder (w/b) ratio in
combination with special admixtures (Bharatkumar et al.
2001). However, the reduction in water content results in low-
er lubrication and flowability among binder particles and may
leave unfilled air voids in a mix (Abd Elrahman and
Hillemeier 2014; Kwan and Wong 2008). In the construction
sector, researchers are exploring to identify several techniques
to improve the durability and sustainability concerns related to
building materials. During the last decade, nanomaterials have
received extensive attention in the construction industry to
achieve the exceptional performance of materials and sustain-
able features (Li et al. 2019; Li et al. 2018; Sikora et al. 2020).
One of the nanomaterials which are widely used in concrete
for its pozzolanic activity and pore-filling effect is nano-silica
(NS). The combination of nanomaterials with agro/industrial
waste materials into the concrete has become the most com-
mon way to improve the serviceability of structures (Li et al.
2019; Zareei et al. 2019). It is beneficial because it improves
the refinement of the pore structure of concrete, which results
in less permeability and higher strength (Kumar et al. 2017).
Many supplementary cementitious materials (SCMs) are
available that can be used in concrete. The most established
are fly ash (FA), metakaolin (MK), silica fume, and so on
(Valipour et al. 2013). There are two most commonly, MK
and silica fume, used pozzolans in construction projects. The
performance of both pozzolans is almost identical with a sim-
ilar replacement level for enhancing the compressive strength

and decreasing the permeability of concrete (Kumar et al.
2017). In the past two decades, there has been growing interest
among concrete researchers in the use of MK as a partial
cement replacing materials for the production of concrete with
improved mechanical and durability characteristics (El-Din
et al. 2017; Sabir et al. 2001; Salimi et al. 2020; ZeniSek
et al. 2016).

Lenka and Panda (2017) investigated 10% replacement for
MK in concrete for enhancement in compressive strength.
Similar findings have also been observed by other researchers
(Dinakar and Manu 2014; Parande et al. 2008; Wild et al.
1996). The use of such materials in higher proportions leads
to a reduction in water absorption and chloride permeability.
The addition of NS particles in concrete has shown enhance-
ment in compressive strength than control concrete (concrete
produced with 100% of cement) up to 6% (Berra et al. 2012;
Said et al. 2012). The binary effect of MK and FA was inves-
tigated at different replacement levels by Sujjavanich et al.
(2017). It was reported that a denser microstructure can be
achieved with a mix proportion consisting of 10% substitution
of MK and FA, respectively, by weight of the total binder.
Enhanced durability was also exhibited by the mix. Different
academic scholars have utilized different dosages of NS to
identify its effects on concrete properties. Berra et al. (2012)
concluded that no considerable development in the compres-
sive strength was achieved for cementitious mixes with the
addition of NS. Jalal et al. (2015) who investigated mechani-
cal, thermal transport, and microstructure of concrete utilizing
2% of NS along with silica fume and FA.

Based on the literature review, it is identified that most
researchers have investigated and reported the effects of bina-
ry blending using MK, FA, or NS (Ghafari et al. 2014;
Giineyisi et al. 2014; Islam 2011). However, there is inade-
quate research available that investigates the enhancement in
strength- and durability-related properties of concrete using
ternary and quaternary blends of MK and NA in fly ash-
blended cement. This research aims to investigate the effect
of multiple blending to improve the properties of concrete.

Research significance

Ever since its inception, concrete has been the most widely
preferred and considered durable among building and con-
struction materials. However, during its service life, concrete
structures may be damaged due to being subjected to various
environmental exposures, improper design, management, and
poor material durability (Kumar et al. 2017; Shafiq et al.
2019). It is expected that the concrete structures should be
serviceable for several years without showing any damages
or deformations. To enhance the concrete properties, the use
of mineral admixtures and nanomaterials is considered as a
promising method acclaimed by various scholars
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(Flores-Vivian et al. 2013; Nazari and Riahi 2011). Recently,
more focus has developed on the utilization of different poz-
zolanic materials in binary and ternary blends to improve the
functional characteristics of concrete. However, the effect of
quaternary blends of MK, NS, and FA on strength and dura-
bility properties is not widely explored and is still novel.
Additionally, there exist limited study on the environmental
impact of the ternary and quaternary binders on the total CO,
emissions of concrete, however, as per authors knowledge,
there is no study on the environmental impact on the total
CO, emissions of concrete when MK, NS and FA are used
simultaneously in concrete. Therefore, this study focuses on
the effectiveness of multiple blending in enhancing the prop-
erties of high-performance concrete and the environmental
impact assessment.

Research methodology
Materials

The OPC used in this research was CEM [ which complies with
the requirements of BS-EN 197-1. It was obtained from Tasek
Cement Limited Berhad, Ipoh, Malaysia. The specific surface
area and specific gravity of OPC were 1.06 m?/g and 3.15,
respectively. MK used in this study was prepared from kaolin
clay which was obtained from Ipoh, Malaysia. Previously, MK
has been produced in different ways by different researchers,
i.e., incinerating kaolin at 800°C for 1 h (Ramezanianpour and
Bahrami 2012; Saikia et al. 2006), 2 h (Liew et al. 2012), 3 h
(Wang et al. 2012), and 6 h (Zhang et al. 2012). However, for
the current study, MK was prepared by incinerating kaolin clay
at 800°C temperature for 3 h, following the recommendations
of Shafiq et al. (2015), in which it was found that incinerating
kaolin clay at 800°C for 3 h is the optimum condition. The
surface area of MK was found to be 11.44 m*/g using
Brunanuer-Emmet-Teller (BET) analysis. The specific gravity
of MK was 2.50. The FA used in this study was obtained from a
local source, Manjung Power Station in Perak, Malaysia. The
sum of SiO, + Al,O3 + Fe,O5 was determined to be 72.7%, and
the LOI was 5.1; based on the criteria suggested by ASTM
C618-19 (2019), FA can be characterized as class F fly ash.

The surface area and specific gravity of FA were found to be
1.08 m*/g and 2.38, respectively. NS used in this research was
obtained from China. The average particle size of NS used in
this research was obtained in the range of 10-25 nm. The spe-
cific surface area was found to be 100 + 25 m?*/g. The chemical
compositions of all binding/replacement materials is presented
in Table 1, which were obtained using the X-ray fluorescence
(XRF) technique.

Crushed granite as a coarse aggregate (CA) with a maxi-
mum size of 14 mm was used in this study. It was obtained
from Papan Granite, Ipoh, Malaysia. The specific gravity and
the water absorption of CA were 2.62 and 1.24%, respective-
ly, while the fineness modulus was 4.5. The mining sand,
supplied by a local supplier in Tronoh Malaysia, was used
as fine aggregate. Aggregate passing from a 4.75-mm sieve
was used in concrete. The specific gravity and water absorp-
tion of sand were 2.63 and 1.04%, respectively, while fineness
modulus was 2.74. The superplasticizer (SP) was used along
with a constant w/b ratio of 0.35 for all mixes to keep the
workability in the range of 100—130 mm.

Mix design and casting

The experiment was designed using design expert software.
The details of the mix design are shown in Table 2. The de-
sired strength of 80 + 5 MPa was obtained after performing
several trials, as there is no standard method to design a higher
compressive strength mixture. The final mix proportions for
the HPC mixes contained 0-10% MK and 0-2% NS. The
labels were assigned to prominently illustrate the parameters
and their proportion in the concrete mix, i.e., MS00; “M”
signifies metakaolin, followed by “S” that represents the
nano-silica along with the respective percentage in the mix.
The first digit indicates the % of MK while the last digit
indicates the % of NS.

To avoid the agglomeration and uniform desperation of
NS, the materials were dry mixed in an automatic mixer to
achieve the uniform dispersion of nanoparticles with MK and
cement. The ingredients were mixed in order of aggregates,
FA-blended OPC, MK, and NS. The aggregates were mixed
individually for 1 min followed by a 3-min mix with half of
the FA-blended OPC, NS, and MK. The remaining portions of

Table 1 Chemical composition

of binders Chemical composition (%) Physical properties
Constituents  CaO ALO;  SiO, MgO Fe,O; SO; LOI  BET surfacearea  Specific
(m%/g) gravity
OPC 62.85 459 2521 170 299 - 2 1.06 3.15
FA 18.0 14.0 3580 266 2290 111 5.1 1.08 2.38
MK 0.58 35.1 533 027 273 0.14 74 11.44 2.50
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Table 2 Mix proportions
Mix ID  Factors kg for 1-m* concrete SP Slump
MK (%) NS (%) Cement FA MK NS Sand CA Water (%) Mm
MS00 0 0 350 150 0 735 990 175 040 120
MSO01 0 1 350 150 0 736 990 175 0.70 115
MS02 0 2 350 150 0 10 735 990 175 0.85 118
MS50 5 0 325 150 25 0 735 990 175 0.55 103
MS100 10 0 300 150 50 0 735 990 175 0.75 105
MS51 5 1 325 150 25 5 735 990 175 090 117
MS52 5 2 325 150 25 10 735 990 175 1.05 115
MS101 10 1 300 150 50 5 735 990 175 1.00 120
MS102 10 2 300 150 50 10 735 990 175 1.10 121

materials were added into the mixer and left for mixing for an
additional 2 min. Then the required amount of water with SP
was slowly added, and the mix was given some more blending
time to form a homogenous mixture. The fresh concrete was
discharged, and the slump test was immediately performed.
Moulds were prepared by pouring the freshly mixed concrete
into three layers and compacted on the vibration table, and an
even surface was obtained by surface finishing in the end.
Upon the completion of moulding, the samples were left for
24 h at room temperature, after which, the specimens were
unmoulded and placed in water for curing until the desired
testing period.

Experimental procedure and testing

The mechanical performance of the concrete samples was
assessed by compressive strength, tensile strength, flexural
strength, ultrasonic pulse velocity (UPV), and dynamic mod-
ulus of elasticity. The compressive strength test was executed
following BS EN 12390-3 (2019) at 3, 7,28, and 91 days. The
strength was recorded on a 100-mm cube specimens at the
loading pace of 3 kN/s using the 3000-kN compression testing
machine. The splitting tensile strength test was executed on
100-mm diameter and 200-mm-long cylindrical samples at
the age of 28 days in accordance with the requirements of
BS EN 12390-6 (2009). In addition, the UPV test was per-
formed at the age of 28 days, complying with ASTM C597
(2016), on the same cylinders before it was used for the split-
ting tensile test. Using the UPV values obtained from the UPV
test, the dynamic modulus of elasticity was calculated for all
the mixtures using Eq. (1). A flexural strength test was per-
formed at the age of 28 days according to BS EN 12390-5
(2019) on a 100 x 100 x 500-mm-long prism.

p(1 + u)(12u)]

Ep = (UPV)Z[ = (1)

where, p is the unit weight in kg/m® on the 28th day and pt
is the dynamic Poisson ratio. The value of p was assumed to
be 0.2 (Lamond and Pielert 2006). The durability characteris-
tics were measured by investigating the specimen for its resis-
tance against chloride migration and water absorption tests.
For chloride migration, a rapid chloride permeability test
(RCPT) and an immersion test for measuring chloride pene-
tration depth were performed. The test was performed com-
plying with ASTM C1202-19 (2019); the total charge passed
is an indication of chloride permeability of concrete (ASTM
C1202-19 (2019)). At the end of the RCPT test, the AgNO;
solution is sprayed over two halves to measure the depth of
penetration.

Results and discussion
Compressive strength

The variations in compressive strength with respect to MK
and NS are shown in Fig. 1. An addition of 1% NS with an
FA-blended OPC showed an increase in compressive strength
at all curing ages. The addition of 1% NS presented a strength
of 81 MPa at 28 days, and the strength continued to increase
up to 86 MPa at 90 days. Incorporation of NS beyond 2%
presented a slight decline in strength up to 5% at different
curing ages. The reduction is accredited to the agglomeration
of NS particles in the cement matrix. The NS particles demand
sufficient water due to the higher surface area to complete the
hydration and dispersion of nanoparticles. Thus, the unreacted
or partially reacted particles of NS are accumulated at one
point in the matrix, which results in the formation of larger
pores and causes a reduction in strength.

Substitution of MK in proportions, i.e., 5% and 10%, as
replacement of cement caused a significant increase in
strength than control mix (MS00). An increase of 5% and
2% in the strength was seen with respect to the control mix
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Fig. 1 Compressive strength 100
variation containing MK and NS
in FA-blended cement 90 1
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(MSO00) at 7 days and 28 days, respectively. Overall, the in-
crement was recorded in the range of 3 to 9% in all percent-
ages of MK with respect to its control mix (MS00). Rao and
Maruthi (2016) and Stefanidou and Papayianni (2012) also
reported similar findings in their research. The finer materials
act as activators and increase the reactivity of pozzolanic ma-
terials, enhancing the hydration process and rate of strength
development (Zhuang and Chen 2019). Past studies (Baioumy
and Ibrahim 2012; Mardani-Aghabaglou et al. 2014) showed
that MK has positive influence on the concrete’s strength due
to two reasons: the filler effect and secondary calcium silicate
hydrate (C-S-H) development. Substitution of 10% MK with
cement showed a slight decline in strength with the corre-
sponding mix (MS50), but the strength was observed to be
higher than the control mix (MS00). The approximated reduc-
tion of 3% was quantified at the age of 7 and 28 days, respec-
tively. The reduction in early strength is mainly because of the
slow pozzolanic activity of the FA. The synergy of MK and
NS presented higher strength values at all curing ages. A con-
crete mix containing 10% MK with 1% NS presented higher
compressive strength than other concrete mixes studied in this
research. The addition of 2% NS with 5% MK showed signif-
icant improvement compared to the control mix (MS00); how-
ever, a slight decline in compressive strength was observed
compared to its respective mix (MS51). The approximate in-
crease using 5-10% MK with 1% NS blends was recorded
between 10 and 12% at 28 days of curing with respect to the
control mix. Overall, it was observed that the NS had greater
compatibility to develop the concrete with higher compressive
strength.

@ Springer
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Tensile and flexural strengths

Figure 2 illustrates the variation in splitting tensile strength con-
taining MK and NS in FA-blended OPC at 28 days of curing. All
concrete mixes containing MK and NS exhibited higher tensile
strength compared to the control mix (MS00). This is accredited
to the particle packing of the cementitious matrix due to the
formation of additional C-S-H. An addition of NS mix presented
similar or exceeded strength to the control mix (MS00). The
strength was increased by 5% and 0.5% with the addition of
1% and 2% NS, respectively, compared to the control mix
(MSO00). Similar to the compressive strength, 2% NS showed a
slight decline in the strength than the corresponding mix (MSO01)
but slightly higher than the control mix (MS00).

Overall, the ternary and quaternary blended mixes showed
improved flexural strength than the control mix (MS00). The
addition of 1% NS with ternary blended OPC (containing FA
and MK) produced a 7% and 18% increment in the flexural
strength than mix MS50 and MS100, respectively. This
strength was 22% and 28% higher than the control mix
(MS00). The addition of NS beyond 1% showed a decline in
the flexural strength than the corresponding mix (MS51 and
MS101), but this was much higher than the control mix. This
shows the value-added benefits of using NS in improving the
strength parameters of concrete. The substitution of MK also
provided greater enhancement in the flexural strength of con-
crete samples. Overall, 25% and 12% higher strength were
recorded using 5% and 10% MK, respectively, as a substitu-
tion for OPC. While 10% and 5% increments were recorded
using 1% and 2% NS in the concrete specimen, respectively.
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Fig. 2 Behavior of tensile and 8
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Ultrasonic pulse velocity (UPV)

The UPV test is a non-destructive method for measuring the
strength of concrete samples. This test was performed at 28
days on a cylindrical specimen using an ultrasonic tester.
Figure 3 demonstrates the behavior of UPV values on ternary
and quaternary blended binders containing MK and NS with
FA-blended OPC. The quality of concrete corresponding to
UPV values can be quantified using the following criteria
suggested by ASTM C597 (2016): UPV > 4000 m/s is as-
sumed to be good concrete, 4000 m/s > UPV > 3000 m/s is
moderate concrete, and UPV < 3000 m/s is considered to be
poor concrete.

Mix Details

B Splitting Tensile Strength O Flexural Strength

It is evident from Fig. 3 that the mix containing MK and/or
NS shows higher velocity values than the control mix (MS00).
Overall, the UPV values were recorded above 4000 m/s for all
specimens in the category of fairly good concrete. The control
mix (MS00) also performed better in the control
concrete (MS00). A similar trend in the case of FA was also
reported by Ahad etal. (2019). Among the quaternary blended
specimen containing MK and NS with FA-blended OPC, the
mix (MS52) showed slightly lower UPV values than other
samples. A mix containing 10% MK with 1% NS presented
a higher UPV value than the rest of the concrete mixes. The
increment was recorded by 4.5% and 3% higher than the con-
trol mix (MS00) and respective mix (MS100), respectively.

Fig. 3 Behavior of UPV values 5000
containing MK and NS in FA-
blended cement 4950 1

4900 -

UPV (m/s)

MS00

4850
4800 -
4750 1
4700 -
4650 -
4600 -
4550 -
4500 - T T T T T T T T

MSo01 MS02 MS50

MS100 MS51 MS52
Mix Details

MS101 MS102
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Fig. 4 Behavior of DMOE 54
containing MK and NS in FA-
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The increment is attributed to the same reason mentioned in
“Compressive strength.” The substitution of MK beyond 5%
showed a slight decline in the UPV value. However, the ad-
dition of 1% NS with MK showed great improvement. The
addition of NS beyond 1% showed an approximately 0.5%
and 2% reduction in UPV values than the control mix and
corresponding mix (MSO01), respectively. The reduction is at-
tributed to the agglomeration of nanoparticles into the cement
matrix. In this phenomenon, the larger pores are formed due to
the accumulation of nanoparticles at one point within the ce-
ment matrix.

Dynamic modulus of elasticity

The variation in dynamic modulus of elasticity (DMOE) values
for all mixtures is shown in Fig. 4. The DMOE values increase
with respect to MK and NS contents in the concrete mixtures.
The magnitude of DMOE with the addition of 1% NS in the FA-
blended OPC mix was an increase of 2.5% compared to the
control mix (MS00). Furthermore, the addition of 2% NS pre-
sented a slight decline in the corresponding mix, but it increased
by 2% than the control mix. This can be attributed to the non-
uniform dispersion of NS particles within the cement matrix. The
ternary blend of MK with FA-based OPC also presented higher
DMOE values. The DMOE of concrete was increased by 2%
and 1% using 5% and 10% MK, respectively. The combination
of MK and NS showed an exceptional increment in the DMOE
values. The blend of 10% MK and 1% NS showed 6% and 9%
enhancement in the DMOE values with respect to the corre-
sponding mix (MS100) and control mix (MS00), respectively.
This is attributed to the higher pozzolanic reactivity of the
materials.
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Chloride permeability

All mixes studied in this research exhibited chloride penetra-
tion depth values in the “very low” range. Table 3 shows the
value of the coulomb charge passed in 6 h for various concrete
mixes. Figure 5 shows the graphical representation of chloride
penetration depth values on concrete mixes prepared with MK
and NS using FA-blended OPC. The values of passing charge
corresponding to chloride penetration depth values for ternary
and quaternary blended mix lie between 289-847 C and 2.98—
6.00. The chloride ingress was reduced by 7% and 28% using
1% NS and 5% MK, respectively. However, their combina-
tion (MS51) exhibited a drastic decrease of 40%. Likewise,
the combination of multiple proportions of NS with 10% MK
presented a severe reduction in chloride penetration resistance
compared to all mixes studied in this research. A decrease of
50% and 47% was observed using 1% and 2% NS,
respectively.

The reduction can be attributed to the filler effect of MK
and NS due to its pozzolanic reaction which creates additional
C-S-H inside the matrix and densifies the microstructure of
concrete. This can be due to the pore connectivity inside the
concrete specimen. This is due to the chloride binding capac-
ity of FA in concrete. The results obtained are in agreement
with those reported previously in the literature (Mardani-
Aghabaglou et al. 2014; Nath and Sarker 2013). The compat-
ibility of MK and FA concretes achieved better resistance to
chloride permeation than other combinations.

Water absorption

Figure 6 shows the individual and combined effects of MK,
NS, and FA on water absorption at 28 days. It is obvious from
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Table 3 RCPT test results

Mix Penetration depth (mm) Passing charge (Coulombs) Class (ASTM C1202 - 19 (2019))
MS00 6.00 847 Very low
MS01 5.57 775 Very low
MS02 5.85 659 Very low
MS50 433 512 Very low
MS100 4.55 617 Very low
MS51 3.62 358 Very low
MS52 3.79 487 Very low
MS101 2.98 289 Very low
MS102 3.17 419 Very low

the results that the reduction in water absorption was observed
at different time intervals with the replacement of OPC con-
taining varying percentages of MK and 30% FA. For the con-
trol mix (MS00), the percentage weight increase of 3.74% was
calculated at 28 days. However, the rest of the concrete mixes
depicted the lower values. The combination of 10% of MK
and 1% NS with 30% FA has shown the lowest values at 28
days in this series. Utilizing 1% and 2% NS with FA showed a
52% and 54% decrease in water absorption, respectively, than
the control mix (MS00). A blend of FA and NS presented a
great combination to improve the reduction in water absorp-
tion of concrete.

The water absorption results were analyzed together with
compressive strength and chloride penetration depth.
Generally, higher compressive strength is related to the reduc-
tion in water absorption (Khatib and Clay 2004). The same
behavior is also seen in this research. Figure 7a shows a cor-
relation between compressive strength and water absorption

for all mixes. A strong correlation is obtained between the R
value of 0.91. Similarly, Fig. 7b also presents an excellent
correlation between water absorption and chloride penetration
depth, showing an R* value approximately similar to compres-
sive strength. The R” value near to 1 shows the effectiveness
of the model and statistically measures the closeness of data
near to the regression line.

Environmental impact assessment

Production of cement contributes to roughly 10% of the
total global CO, gas emissions (Benhelal et al. 2013;
Suhendro 2014; Zhang et al. 2014). Concrete, which is
the main building material being used worldwide, has a
significant carbon footprint due to activities involved in
the preparation of raw materials. Since the main binder
material in the concrete is OPC, it contributes to between
74 and 81% of the total CO, emissions of concrete. The

Fig. 5 Behavior of chloride 7
penetration depth containing MK
and NS in FA-blended cement

Chloride Penetration Depth (mm)

i

MS00
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Fig. 6 Behavior of water 4
absorption containing MK and
NS in FA-blended cement 35 ]
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awareness regarding CO, emissions has allowed the devel-
opment and/or use of alternative binder materials to cut
down the dependency of OPC as the main binder in con-
crete. SCMs which include pozzolan materials have been
widely used to partially substitute cement content. It is
anticipated that significant reductions can be achieved with
the utilization of such SCMs. This is due to the fact that

1. The SCMs are usually end products of manufacturing
processes and are easily available, thus do not require
extraction.

2. The overall energy used to prepare these SCMs is gener-
ally less.

3. The reuse of waste materials in concrete contributes to-
wards sustainability, as it avoids dumping of such mate-
rials in landfills.

Though the utilization of SCMs will surely reduce the over-
all embodied CO, emissions of concrete; however, different

©
«@

MSo01

MS02 MS50 MS100

Mix Details

MSs1 MS52 MS101 MS102

waste materials will have different embodied CO, emissions.
As for this current study, FA and MK were used as binder
materials, along with NS used as additives. Their individual
embodied CO, will contribute towards the total embodied
CO, of concrete. Therefore, to demonstrate the influence of
ternary and quaternary binders on the total embodied CO,
emissions of HPC, the total CO, emissions are estimated in
this study using the equivalent CO, emissions for each mate-
rial. These values have been taken from recent literature and
are shown in Table 4. Furthermore, for the sake of compari-
son, a reference concrete mix with a similar amount of mate-
rials and without the use of SCMs is taken from a previous
study (Shafiq et al. 2019) and referred hereafter as CM.

The kg of CO, per kg of each material provided in Table 4
and the equivalent CO, emissions are considered as cradle to
gate, which includes the production process, transportation,
and mixing. The total embodied CO, values for each concrete
mix were found by multiplying the weight of each material to
produce 1-m® concrete with embodied CO, of each material

&
n
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. . . a) b)
absorption with a compressive N 2 6 LA
strength and b chloride T 86 " i ss e
penetration depth E R2=0.9105 \‘~‘ ] -‘E, R2=0.9048 27
§°84 . a 5 "l
8 N E4s oA
& 82 L - ~
@ ~ " E 4
5 N § L7 A
£ 80 2 &35 A .t
& [ BN g “%
g % E 3 e
078 ] \m e |
N Q25
76 2
1.5 2 25 3 35 15 2 25 3 35

@ Springer

Water Absoprtion (%)

‘Water absorption (%)



Environ Sci Pollut Res (2021) 28:49074-49088 49083
Table 4 Total CO, emissions emitted to produce 1-m® HPC concrete
Materials KgCOykg Ref CO, emissions for 1 m> of concrete (kgCOz/m3)

CM MS00 MSO01 MS02 MS50 MSI100 MS51 MS52  MSI1201 MS102
OPC 0.82 (Flower and Sanjayan 2007) 410 287 287 287 266 246 266.5 266.5 246 246
FA 0.027 (Turner and Collins 2013) 0.00 4.05 4.05 4.05 4.05 4.05 4.05 4.05 4.05 4.05
MK 0.33 (Meddah et al. 2018) 0.00 0.00 0.00 0.00 8.25 16.50  8.25 8.25 16.50 16.50
NS 0.00084 (Adamu et al. 2018) 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01
Sand 0.0139 (Turner and Collins 2013) 1022 1022 1023 1022 1022 1022 1022 1022 10.22 10.22
CA 0.0408 (Turner and Collins 2013) 40.39 4039  40.39 4039 4039 4039 4039 4039 4039 40.39
Water 0.000196  (Yang et al. 2013) 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
SP 0.72 (Long et al. 2015) 1.80 1.44 2.52 3.06 1.98 2.70 3.24 3.78 3.60 3.96
Total 46244 343.13 34423 344776 33142 319.89 332.69 333.23 32080 321.16

and then summing them together. As observed from Table 4,
the OPC is the leading embodied CO, of concrete compared
to other materials. For the CM mix, OPC accounts for approx-
imately 88.66% of the total CO, emissions. This was reduced
significantly by replacing 30% OPC with FA (MS00 mix).
The OPC CO, contribution dropped from 410 to 287
kgCO,/m?, while FA only added 4.05 kgCO,/m® to the total.
Thus, MS00 was able to reduce 25.8% of CO, emissions.
However, the reduction in OPC and utilization of FA had an
adverse influence on the strength (a loss of 11.76%), as the
reported 28 days strength of CM was 88.3 MPa while MS00
exhibited 77.92 MPa. However, the addition of MK and NS
along with FA in concrete not only reduced the difference in
strength but also reduced even further the embodied CO,
emissions. The lowest embodied CO, emissions of 319.89
kgCO,/m> were exhibited by MS100, in which a total of
40% OPC substitution was done (30% FA and 10% MK). In
addition to the reduced CO, emissions, MS100 achieved
slightly better strength than MS00 of 79.31 MPa, which is
10.18% lower than CM but 1.78% higher than MS100.

Fig. 8 Difference in embodied Ms0o

However, the least strength loss of 1.71% compared to
CM was achieved by the MS51 mix (86.79 MPa). MS51
consisted of 30% FA and 5% MK as binders (total 35%
OPC replacement) and the addition of NS as an additive.
However, the embodied CO, emissions of MS51 were
higher than MS100 but still 28.06% lower when compared
to CM mix as shown in Fig. 8. The increase in embodied
CO, emissions when compared to MS100 is due to the fact
that lower OPC substitution was done and also, to achieve
a roughly similar slump, a higher content of SP was used
which subsequently added additional CO, emissions. The
reduction in embodied carbon with the inclusion of SCMs
observed in the current study agrees with previous studies
(Alnahhal et al. 2018; Bheel et al. 2021; Jhatial et al.
2021).

Thus, it can be concluded that substituting OPC content
with SCMs will certainly reduce the overall embodied CO,
emissions. The higher the substitution of OPC with SCMs, the
lower the total CO, emissions of the concrete mix will be.
However, as observed in the current study, the higher the
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substitution level of OPC, the lower strength will be.
Therefore, not only does the reduction in CO, emissions mat-
ter but also strength.

The environmental impact assessment can also be evaluat-
ed by the eco-strength efficiency of concrete mixes. The eco-
strength efficiency (Alnahhal et al. 2018) or the CO, intensity
(ci) (Damineli et al. 2010) can be defined as the amount of
CO, emissions which are released to produce one unit of
performance. It is calculated by Eq. (2):

. COp
ci=—=

c.s @)

where ci is the CO, intensity or eco-strength efficiency,
CO, is the embodied CO, emissions emitted by the concrete
as calculated in Table 4, and c.s is the compressive strength.
The current study calculates the eco-strength efficiency for the
compressive strength of concrete achieved at different ages as
shown in Fig. 9. For sake of comparison, the CM mix was
taken from a previous study (Shafiq et al. 2019) and which
achieved 61.67 MPa, 71.07 MPa, 88.3 MPa, and 92.88 MPa
for 3-, 7-, 28-, and 91-day compressive strength, respectively.

The eco-strength efficiency of CM mix was determined to
be 0.133 MPa/kgCO,'m ° at 3 days, increasing gradually over
time, t0 0.154,0.191, and 0.201 MPa/kgCOsz3 at7,28, and
90 days, respectively. The % increase was reduced as the
concrete aged. As for MS00, MS01, MS02, MS50, MS100,
and MS101, the difference in efficiency between 3 and 7 days
was restricted between 0.3% and 2.3%. This may be due to the
pozzolanic reaction caused by FA and MK, thus causing slow
strength gain at an early age. As for MS51, MS52, MS101,
and MS102, the difference in efficiency between 3 and 7 days
was much higher at 2 to 4.5%. This higher difference can be
attributed to the NS additive.

It can also be observed that a significant jump in efficiency
is exhibited by all mixes except CM. This can be attributed to

@ Springer
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the gaining of strength due to the pozzolanic reaction. The
highest eco-strength efficiency of 0.268 MPa/kgCO,'m > with
respect to 28-day compressive strength was exhibited by
MSI101. This was achieved due to MS101 exhibiting the sec-
ond highest 28-day compressive strength among the mixes
(not including CM), while emitting the second least CO,
emissions. While the least CO, emitting concrete mix exhib-
ited an eco-strength efficiency of 0.247 MPa/kgCO,'m °.

Previous studies (Alnahhal et al. 2018; Garcia-Segura et al.
2014; Jhatial et al. 2021) have also shown that the eco-strength
efficiency increases with the increase in OPC substitution lev-
el. However, the efficiency will vary. According to Alnahhal
et al. (2018), the maximum efficiency can be achieved by a
20% OPC replacement. As most SCMs have a higher specific
surface area, thus absorbing more water will restrict workabil-
ity. A further increase in OPC replacement beyond 20% will
reduce the strength of concrete. However, in the current study,
high-strength concrete is developed with the addition of SP,
which improves workability and strength. Thus, the higher
substitution can be made, without compromising much on
the strength or eco-efficiency.

Cost-benefit analysis

In addition to the environmental impact assessment, the cost—
benefit is also a vital factor that the construction industry con-
siders before adopting any newer or blended concrete. The
cost—benefit of ternary and quaternary binder concrete

Table 5 Local price of materials

Materials OPC FA MK NS Sand CA Water SP

Cost ($/kg) 0.095 0.025 0.58 0.095 0.025 0.045 0.001 1.2
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investigated in this study is calculated for each mix based on
the local prices of each material. The rate of $ per kg of each
material is shown in Table 5.

The prices of different materials are highly dependent on
their local availability. The cost of FA, a pozzolanic material,
is relatively lower than the price of OPC. While the cost of NS
is relatively similar to that of OPC. However, MK is a rela-
tively expensive pozzolanic material, as it is only extracted in
a select number of countries. Therefore, the higher inclusion
of MK and NS will definitely increase the overall cost of the
concrete. The cost of each concrete mix per 1 m® is shown in
Fig. 10. It can be observed that the CM mix costs $113.6 per
m’ of concrete. The main contributors to the price are OPC
and SP. The least cost is incurred by MS00, which is $102.5
per m® of concrete. This is approximately 9.77% cheaper than
CM. With the addition of 1% and 2% NS in MS01 and MSO02,
respectively, the cost of concrete increases slightly, but it is
still lower than the cost of CM. Though the cost of NS and
OPC is similar, the addition of NS causes a reduction in work-
ability. Therefore, a higher dosage of SP is required to achieve
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near-similar workability. This higher dosage of SP contributes
to increasing the overall cost. The incorporation of MK as a
binder, due to its higher cost, increases the overall cost of
concrete, much higher than the CM mix.

As observed from Fig. 10, the overall cost of each mix
varies; however, a comprehensive cost-benefit analysis can-
not be considered as complete without assessing the cost to
produce 1 MPa of strength for each mix. Therefore, the cost to
produce a 1-MPa compressive strength at 28 days is calculated
and shown in Fig. 11. The lowest cost of producing 1 MPa
was exhibited by MSO1 with a merely 0.01-$/MPa/m® reduc-
tion compared to CM and 0.04-$/MPa/m’ reduction compared
to MS00.

Conclusion

This research work investigated the effects of ternary and
quaternary blending on concrete strength and durability prop-
erties, as well as the cost-benefit and environmental impact

Fig. 11 Cost to produce 1-MPa 1.80 3
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assessments. Based upon the results obtained, it was observed
that:

(1) Concrete mixes containing 10% MK content showed the
highest compressive, flexural and tensile strengths at all
curing ages. Whereas, 1% or 2% NS only did not show
remarkable improvement when used separately.
However, a significant enhancement was observed in
combination with MK.

(2) The improvement was also recorded in the UPV and
dynamic modulus of elasticity values. The overall en-
hancement in DMOE was observed by 6% when com-
pared with control concrete.

(3) The resistance to chloride penetration and reduction in
water absorption was significantly improved with the
incorporation of MK and NS. The best combination of
1% NS with 10% MK has shown a drastic decrease of
50% in chloride penetration depth. Similarly, this com-
bination resulted in the least water absorption and a
smaller range of median pore diameter.

(4) The lowest embodied CO, emissions of 319.89 kgCO,/
m’® were exhibited by MS100, in which a total of 40%
OPC substitution was done (30% FA and 10% MK). In
addition to the reduced CO, emissions, MS100 achieved
slightly better strength than MS00 of 79.31 MPa, which
is 1.78% higher than MS100.

(5) The highest eco-strength efficiency of 0.268 MPa/
kgCO,'m > with respect to 28-day compressive strength
was exhibited by MS101. This was achieved due to
MS101 exhibiting the second highest 28-day compres-
sive strength among the mixes.

(6) The least cost will be incurred by MS00, which is $102.5
per m® of concrete. The addition of MK and NS in-
creased the cost. The lowest cost of producing 1 MPa
was exhibited by MSO1 with a merely 0.04-$/MPa/m>
reduction compared to MS00.
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