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ARTICLE INFO ABSTRACT

Keywords: Lithium slag (LS) is a by-product of the lithium salt purification process, and this can be used as a partial
Lithium slag replacement of cement for the production of green concrete by reducing carbon footprint associated with clinker
Fly ash production. The raw-LS is rich in aluminosilicate, containing 77.2 % of SiO2+AlxO3+Fex03, 31.6 % of amor-
g;:pc}?;zrem phous phases, and the loss of ignition is 7.8 % at 750 °C, making it a suitable pozzolan by providing 4.8 times

higher ion dissolution capacity at 1 day compared to class F fly ash (FA). In this study, fresh properties, me-
chanical, and microstructural properties of 0-60 % cement replaced LS concretes were thoroughly determined
with a total binder content of 400 kg/m> and water-binder ratio of 0.435, and the properties were compared with
the same mix proportion of FA concrete. The results show that 20-60 % LS concrete mixes produced normal
density concrete within the design slump of 125 + 25 mm and air content of 2 + 0.5 %. At 90 days, the average
compressive strength, tensile strength, and elastic modulus of 40 % LS concrete were 58.6 MPa, 4.10 MPa, and
39 GPa, respectively, which are higher compared to 40 % FA concrete of 35.5 MPa, 3.0 MPa, and 31.1 GPa,
respectively, revealing that LS concrete offers better mechanical strength. However, mechanical strengths
decreased significantly beyond 40 % LS incorporation. The experimentally determined 28 days mechanical
strengths of 40 % LS concrete were underestimated by ACI 318 and AS 3600 standard equations. The BSE-EDS on
the ITZ of fine and coarse aggregate confirmed a consistent development of amorphous and amorphous inter-

Fresh properties
Mechanical properties
Interfacial transition zone
Microstructure

mediate hydration products in the development of mechanical properties of LS concrete mixes.

1. Introduction

The pursuit of sustainable construction practices is an imperative
response to the challenges posed by the growing environmental con-
cerns associated with traditional construction materials and techniques.
Within this context, supplementary cementitious materials (SCMs) have
emerged as a key strategy to mitigate the carbon footprint of the con-
crete while enhancing the workability, mechanical performance, and
durability of concrete. Lithium slag (LS) is a by-product of the lithium
salt purification process. It is emerging as a potential SCM to produce
green concrete [1,2]. This research is motivated by the potential
pozzolanic activity of LS by using high-volume LS as a SCM in the pro-
duction of sustainable concrete, and assessing the fresh state, mechan-
ical, and microstructural properties.

The utilization of pozzolanic materials like lithium slag (LS) in
concrete production is an emerging trend in sustainable construction.
These materials react with calcium hydroxide generated during cement
hydration, forming additional calcium silicate hydrate (C-S-H) gel to
impart strength and durability of concrete by producing more
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amorphous and amorphous intermediate hydration products [3].
Despite its status as a hazardous material, containing heavy metals, and
often consigned to landfills, LS presents a unique opportunity for
transformation [1,4,5]. In particular, aluminosilicate-rich raw LS is a
competitive candidate as a new pozzolan since the sum of SiO5, Al,O3,
and Fe,Oj3 content is 77.2 %, and amorphousness is 31.6 % [6]. The 7.8
% loss of ignition (LOI) at 750 °C further underscores its pozzolanic
potential [6]. Researchers assessed the pozzolanic activity of LS through
different tests. Specifically, LS provided 889 mg/g pozzolanic activity at
28 days and reduced 50 % initial electrical conductivity within 7 days in
1 g/L unsaturated lime solution [6]. This acceleration in pozzolanic
activity holds a significant promise for enhancing the sustainability of
concrete production. Recent studies have demonstrated that 30 % LS in
concrete has resulted in compressive strengths as high as 52 MPa [7] and
44 MPa [8], while the strength activity indices (SAIs) were 86 % [7] and
110 % [8] at 28 days.

Moreover, the application of LS in mortar has produced equally
notable results, achieving compressive strengths of 55 MPa [9] and 52
MPa [10] at 28 days and the SAIs of 97 % [9] and 96 % [10]. When used
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at a higher cement replacement level of 40 %, LS has shown to
contribute 48 MPa [6] and 42 MPa [11] of compressive strength in paste
and mortar specimens at 28 days. Researchers also determined the
tensile strength, flexural strength, and elastic modulus for 25 % LS in the
production of concrete with 0-100 % recycled coarse aggregate, and
these properties were predicted by the Chinese standard GB50010 [12,
13].

In comparison, class F fly ash (FA) has been widely benchmarked
against various novel natural and artificial pozzolans for partial cement
replacement [14-18]. FA is known for its pozzolanic activity, which can
reach up to 780 mg/g pozzolanic activity at 28 days [19]. The increase
in the pozzolanic activity proportionally enhances the early and
long-term mechanical strength and microstructure development. Its
application at 50 % cement replacement has resulted 34 MPa and 65
MPa of compressive strength at 28 and 180 days, while imparted SAIs of
67 % and 101 %, respectively [20]. Furthermore, FA as a SCM reduces
water demand in concrete [21], as its spherical shaped particle
morphology provide ball bearing effect in the mixture [22], whereas LS
particles are flaky and irregular, needs in-depth study to understand the
fresh properties of high volume LS concrete. Researchers found that 50
% FA as a SCM could reduce 40 % CO, emissions [20,23,24]. This is a
part of the effort to make cement production more sustainable by
substituting clinker with natural pozzolans without compromising the
cement properties. Therefore, this study finds the opportunity to use
high-volume LS (up to 60 %) as a sustainable alternative to FA, and
compare LS performance with FA concrete to examine their correlations
with standard equations [25-27].

Australia’s construction industry is facing a challenge due to the
impending scarcity of FA, a common SCM, due to the closure of coal-
based power plants [28]. While this closure will help reduce carbon
emissions, it will inadvertently affect the supply of FA, which is crucial
for sustainable concrete production. As a result, there is a pressing need
to explore local and sustainable pozzolanic materials like LS as an
alternative. Therefore, using LS as a SCM in the production of concrete is
not only an environmental necessity but most importantly, a strategic
response to the changing dynamics of construction materials in Australia
[11].

This research presents a thorough analysis of the fresh properties,
mechanical characteristics, and microstructural attributes of high-
volume LS concrete. By comparing 0-60 % cement replaced LS con-
crete to traditional FA-based mixes, this study contributes significantly
to sustainable construction practices. It provides valuable insights for
engineers, researchers, and industry stakeholders navigating the
evolving landscape of construction materials and techniques in
Australia. The significance of this research rests not only in its potential
to unlock the pozzolanic activity of LS but also in addressing pressing
questions surrounding the environmental impact of construction, the
need for local and sustainable pozzolanic materials, and the prospects of
mitigating the scarcity of FA. In a world coping with the sustainability
challenges, LS emerges as a promising SCM, and it aligns well with the
search for greener concrete ingredients.

2. Materials and methods
2.1. Materials

In this study, cement, LS, and FA (class F) were used as the binders
and their grain size distribution is shown in Fig. 1. Commercially man-
ufactured ordinary Portland cement satisfied the standard requirements
[29]. The water consistency [30] of cement was 30 %, soundness [31] of
0 mm, and the initial and final setting times [32] were 133 and 210 min,
respectively [11]. The LS and FA were sourced from Western Australia
and their CaO contents were 7.5 and 4.3 %, respectively. The major
oxides composition in mass percentage, LOI, amorphousness, specific
gravity, median particle size (dsp), specific surface area, electrical con-
ductivity (EC) and pH of cement [6], LS [6], and FA [33,34] are shown
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Fig. 1. Grain size distribution of cement [6], lithium slag (LS) [6], class F fly
ash (FA) [33,34], natural fine aggregate (NFA) [11], 10 mm natural coarse
aggregate (NCA), and 20 mm NCA.

in Table 1. Here, 1 g of the binder was added in 70 mL of deionised (DI)
water and kept at 25 °C to determine EC and pH after 24 h.

The reactivity of the pozzolans were further characterised from the
electrical conductivity (EC) test for 90 days and the detailed method of
the EC measurement was followed from the previous published research
[6]. Fig. 2 presents the change in EC and relative conductivity (RC) of LS
and FA in 1 g/L lime water and DI water with time, respectively. The RC
is the ratio of the difference between initial and instantaneous conduc-
tivity to the initial conductivity of a system [3]. It can be seen that the EC
increased in DI water for LS and FA, while the EC rapidly decreased in
the unsaturated lime water, which represents a pozzolanic reactivity of
the SCMs. Specifically, the rapid decrease of EC for LS in unsaturated
lime water was caused by early ion dissolution of LS soluble salts and the
reaction equilibrium was settled at 1100 h. Nonetheless, a slow ion
dissolution of FA in unsaturated lime water extended the reaction
equilibrium by 288 h compared to LS system. Fig. 2 also represents the
variation in the RC of the SCMs with time. Here, the RC of LS propor-
tionally increases with time, while FA showed an abnormal variation of
RC from the reaction initiation. Particularly, LS reduced 14 % EC at 100
s, and in contrast, FA elapsed 10° s to attain same RC. Therefore, the
initial activation potential of FA was roughly lagged by 11.6 days (10°s)
compared to LS to gain same initial reactivity at 100 s. Additionally, the
RC of LS and FA was compared with the findings of Paya et al. [35], as

Table 1
The major oxides composition in mass percentage, LOI, specific gravity, dso,
SSA, and EC of the cement, LS, and FA.

Parameters Cement LS FA
Oxides composition SiO, 20.7 54.6 51.1
(%) Al,03 5.7 21.1 25.6
Fe,03 2.9 1.5 12.5
CaO 63.1 7.5 4.3
MgO 1.3 0.6 1.5
SO3 3.3 5.6 0.2
K;O0 0.4 0.9 0.7
NayO 0.3 0.7 0.8
LOI at 750 °C (%) 1.90 7.80 0.57
Physical properties Amorphous content, % - 31.6 54.6 [33,
34]
Specific gravity 3.10 2.46 2.20
dso, pm 17 38 10
Specific surface area, 360 342 416
kg/m?
EC, pS/cm 3420 1300 270
pH 12.60 11.28 12.17
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Fig. 2. Electrical conductivity (EC) and relative conductivity (RC) of LS [6] and FA. Here, theoretical EC at an instant is the difference of the EC of pozzolan in 1 g/L

lime water and the EC of pozzolan in distilled water.

shown in Fig. 2. The maximum, minimum, and median values of the RC
of 10 different FA were scatter plotted at 102, 103, and 10* s, and the RC
of LS and FA were roughly within the significant RC range of low cal-
cium FA. Therefore, the variation of the EC and RC over time will
certainly provide the justification in the development of early and
long-term mechanical properties of LS and FA concrete products.

The BSE coupled layered EDS elemental colour mapping images of
cement, LS, and FA are shown in Fig. 3. The cement grains are irregular
shaped, and it predominantly contains Ca, Al, and Si elements, as shown
in Fig. 3 (a). The LS grains are also irregular, contains cenosphere, and
rod shaped sulphur rich particles, and the major elemental composition
contains Si, Al, and Ca, as shown in Fig. 3 (b). The FA particles are
mostly round with small number of cenosphere particles, and mostly
contain Fe, Ca, Na, K, and Mg elements in different amorphous
aluminium-silicate phases [36], as depicted in Fig. 3 (c). The relative
composition of cement minerals was 64 % tricalcium silicate, 15.2 %
larnite, 9.7 % tricalcium aluminate, 6.6 % brownmillerite, 2.6 % gyp-
sum, and 1.9 % portlandite [6]. Then, LS holds 2.1 % p-spodumene, 6.6
% bassanite, 5.4 % calcium magnesium carbonate, 23.8 % quartz, 28.2
% anorthite, 2.3 % albite, and 31.6 % amorphous phases [6]. Lastly, the
phase abundance of FA was 1.6 % hematite, 3.5 % maghemite, 2.3 %
magnetite, 16.2 mullite, and 21.8 % quartz, and 54.6 % amorphous
phase [33,34].

In this study, natural quarry sand as natural fine aggregate (NFA)
containing 98 % crystalline silica was used [11]. Natural crushed granite
of 20 mm and 10 mm nominal size natural coarse aggregates (NCA) were
used. The particle size distribution of the NFA, 10 mm and 20 mm NCA is
shown in Fig. 1. The water absorption capacity of the NFA, 10 mm, and
20 mm NCA was 0.43, 0.37, and 0.65 %, respectively, and the specific
gravity was 2.61, 2.67, and 2.74, respectively. The median grain size of
the NFA, 10 mm, and 20 mm NCA was 380 pym, 7.1 mm, and 10.6 mm,
respectively. The workability of the concrete mixture was enhanced by a
commercial organic superplasticizer (SP) [37]. The density, solid con-
tent, and viscosity of the SP were 1.1 g/cmB, 40 %, and 145 mPas
(23 °C), respectively. The drinking quality water was used for the con-
crete mix as specified in AS 1379 [38], and the total dissolved solids of
the water was 195 + 65 ppm.

2.2. Mix proportions

The mix proportions of the concrete ingredients are shown in

Table 2. Primarily, the control mix was designed for 40 MPa compres-
sive strength at 28 days, 125 + 25 mm of slump, and 2 + 0.5 % air
content. The cement content, aggregate-binder ratio, and water-binder
ratio (w/b) of the control mix as a normal strength concrete were 400
kg/m>, 4.25, and 0.435, respectively. The cement content of LS con-
cretes and FA concretes was partially replaced by 20-60 % LS and
20-60 % FA, respectively. The SP content of 40 and 60 % LS concrete
mixes was determined from the trail mixes, and the workability of the
fresh mixes were adjusted by adding 1.5 wt% and 2 wt% of the binder.
The appropriate amount of SP was mixed into water and stirred for
complete dispersion. The aggregates were washed to remove fines and
visible contaminants, followed by drying at ambient temperature until
the aggregates met saturated surface dry (SSD) condition [38]. The SSD
conditioned NFA and NCA were placed into a clean 70 L pan mixture
confirming AS 1379 [38] specifications, and the mixture was rotated for
2 min. Later, binder was added into the mixture, and the dry mix was
continued for again 2 min, followed by the addition of water with/-
without SP within the time interval. Then, the mix was scrapped from
the sides of the mixer to the centre within 60 s, and the mix was further
homogenized by applying 2 min mixing. The fresh concrete mix was
then tested for the fresh properties, and finally placed in appropriate
moulds in two layers by using a vibrating table as specified in AS 1012.5
[39]. The moulded fresh concrete was ambient cured for 24 h at 22 +
2 °C temperature with 65 + 5 % relative humidity. Finally, the concrete
specimens were demoulded and cured in 2 g/1 lime water tank at 22 +
2 °C temperature. The control concrete and LS and FA concretes were
tested at specified ages.

2.3. Methodology

2.3.1. Fresh properties

The freshly prepared LS and FA concretes were parallelly tested for
slump, air content, fresh density, water retention capacity (WRC), and
compaction factor tests. The slump [40] was determined by using a
moist and clean standard slump cone, followed by pouring fresh con-
crete in three layers and blowing each layer with 25 uniform strokes.
The slump of the fresh concrete was then determined with a steel tape
with respect to the height of the slump cone upon lifting up the slump
cone vertically upward, as shown in Fig. 4 (a). Concurrently, the air
content of the fresh concrete was determined from the air content meter
confirming standard requirements [41], and two consecutive tests were
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Fig. 3. BSE coupled layered EDS elemental colour mapping and element spectra of cement (a), LS (b), and (c) FA at 20 keV voltage. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

performed for each batch. The fresh concrete was placed in three layers,
and each layer was compacted by 70 strokes, followed by tamping on the
side walls by a rubber mallet. The air content of the fresh mix was
recorded from the analogue pressure dial gauge by releasing the
entrapped air valve for 30 s after the system reaches at airtight condi-
tion. The fresh density [39] of the concrete was determined with an air
content determination measuring bowl of size 300 mm (height) 320 mm
(diameter) complying AS 1012.4.1 [42] requirements. The fresh con-
crete was compacted as detailed in air content test, and weighed in a

balance with an accuracy of 0.1 g. The compaction factor of the fresh
concrete was determined from the AS 1012.3.2 [43] specification. The
fresh concrete was placed in the moist and cleaned top hopper within 4
min after the concrete mix, and the trapdoor was opened to move the
concrete to lower hopper, and then to the base cylinder. The partially
compacted concrete cylinder was weighed after removing the excess
concrete on the top of the cylinder by a straight edge. Later, the concrete
inside the cylinder was emptied, and the cylinder was again filled with
fresh concrete, vibrated in two layers, and finally the fully compacted
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Table 2
Mix proportions of concrete ingredients.
Mix ID Binders (kg) Aggregates (kg) Water Sp*
Cement 1S FA  20mm 10mm NFA ©
NCA NCA
Control 400 - - 789 393 679 174 -
20%LS 320 80 - 789 393 679 174 -
40% LS 240 160 - 789 393 679 174 1.5
60 %LS 160 240 - 789 393 679 174 2.0
20 % 320 - 80 789 393 679 174 -
FA
40 % 240 - 160 789 393 679 174 -
FA
60 % 160 - 240 789 393 679 174 -
FA

2 SP quantity in wt.% of binder.

Fig. 4. Slump (a) and (b) water retention test of fresh concrete.

fresh concrete was weighed. The compaction factor of the fresh concrete
was determined from the mass ratio of the partially compacted to the
fully compacted concretes. Finally, the mortar was separated from each
batch of freshly prepared concrete mixes and tested for water retention
capacity (WRC) [44], as shown in Fig. 4 (b). The WRC of each batch was
determined from the ratio of the flow of the mortar after applying 7 +
0.4 kPa vacuum pressure for 1 min to the mortar flow at normal atmo-
spheric pressure. The fresh tests were completed within 15 min after
completing the concrete mixing protocols.

Cement and Concrete Composites 148 (2024) 105469

2.3.2. Mechanical properties

The determination of mechanical properties of LS and FA concrete
specimens includes compressive strength, split tensile strength, flexural
strength, and elastic modulus. The mechanical properties of the con-
cretes are measured at 7, 28 and 90 days. It is essential to assess the long-
term strength development of high volume of newly characterised LS as
a pozzolan. The compressive strength of all concrete mixes was deter-
mined by preparing four 100 x 200 mm cylinders and tested at a loading
rate of 0.333 MPa/s in MCC8 universal testing machine (UTM) with
3000 kN compression loading capacity. Later, the split tensile strength
of the three 150 * 300 mm concrete cylinders from each mix was
determined at a loading rate 0.025 MPa/s in MCC8 UTM. Flexural
strengths [45] of three 100 x 100 * 400 mm prismatic concrete specimens
was determined using the Shimadzu 300 kN UTM with a loading rate of
0.0166 MPa/s. The lower steel roller supports were 300 mm apart and
two top loading rollers were kept at one-third of the span length. Finally,
The elastic modulus [46] of three 100 x 200 mm cylindrical specimens
was determined by using highly sensitive 2-wire quarter bridge circuit
strain gauges of length 30 mm, 120 + 0.5 Q resistance, and 2.09 + 1 %
gauge factor. The concrete cylinder top surface was polished by using a
concrete grinder. Primarily, the strain gauge position on the concrete
surface was cleaned with #120 abrasive paper and the dust was
removed by isopropyl alcohol. This sequence was followed till a flat
surface was obtained without air bubble. The strain gauge was attached
lead wire and fitted on the concrete surface by using manufacturer
recommended adhesive. Finally, the lead wire was connected to the data
logger ports and the stress versus strain data was decoded in the Matest
3000 kN UTM by applying a three-cycle loading system that uniformly
increases from 3 MPa (pre-load) to 40 % of the average compressive
strength at a loading rate of 0.25 MPa/s. The development of mechanical
strength of the concrete specimen at different ages are expressed with
relative to the control specimen’s mechanical strength. Therefore, the
SAI is the ratio of the compressive strength at a specified age to the
compressive strength of the control specimen same age multiplied by
100 %. On the other hand, the relative split tensile strength, flexural
strength, and elastic modulus of a concrete specimen were expressed as
the ratio of the mechanical strength at a specified age to the mechanical
strength of the control specimen same age multiplied by 100 %.

2.3.3. Microstructure investigation

Two 5 x 5 mm size concrete specimens containing two faces of
coarse aggregates were cut from the concrete cylinder by a brick saw
machine with a nominal thickness of 2~3.5 mm. The specimens were
kept at 40 °C for 72 h and ethanol was exchanged after each 24 h to stop
the hydration [6]. Later, the specimens were coated with 5 nm carbon
coating and analysed in TESCAN MIRA3 FEG-SEM at high vacuum
pressure, 20 kV voltage, and beam intensity of 14.0 under BSE detector.
Finally, the hydration products were characterised by applying EDS.

3. Results and discussions
3.1. Fresh properties

The variation of the slump [40] of freshly prepared LS and FA con-
crete mixes are depicted in Fig. 5 (a). The 40 % LS mix showed the
average maximum slump of 125 mm, while the minimum slump was
110 mm for the control mix. Overall, the slump of the fresh mixes was
within the designed slump range of 125 + 25 mm. The average slump
produced by 20 % LS mix was equal to the control mix, however the
average slump was slightly increased by 5 mm for the 20 % FA concrete
mix in the same comparison. The slump of both 40 % LS and 60 % LS
mixes was 125 mm, which was achieved by adding 1.5 wt% and 2.0 wt%
of binder SP. The addition of SP in 40 % LS and 60 % LS mixes is based
on two key observations. Firstly, both LS and FA contain cenospheres, as
shown in Fig. 3 (b) and 3 (c), respectively. Cenospheres are micropar-
ticles with a hollow spheroid structure and range from 1 to 600 pm in
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Fig. 5. Variation of slump (a), air content (b), fresh density (c), compaction factor (d), and (e) water retention capacity of control, 20-60 % LS, and 20-60 % FA

concrete mixes.

size for FA [47]. Cenospheres lead to higher water absorption and more
permeable pores in concrete [48], while typically reducing its density
and maintaining mechanical strength [47]. Secondly, the particles in LS
are irregular and flaky, contrasting with the smoother, ball-bearing-like
nature of FA particles [22,49]. This difference in morphology affects the
flowability of the concrete mix. The FA particles facilitate a lubricating
effect, enhancing workability, whereas the irregular and flaky nature of
LS particles necessitates the use of SP to maintain adequate workability
without having harmful materials like chlorides or triethanolamine for
early strength development [37]. In conclusion, the higher amount of

irregular and flaky LS particles, coupled with the presence of ceno-
spheres, necessitates the use of SP to attain the design slump and air
content. Therefore, appropriate SP dosages was used for 40 % LS and 60
% LS mixes to achieve the desired workability despite the higher median
particle size and lower specific surface area of LS compared to FA. As a
result, the slump of 20-60 % FA concrete mixes was increased by 5-20
mm compared to the control.

The air content [41] of the fresh mixes is shown in Fig. 5 (b). Overall,
the air content of the concrete mixes decreased with the increase of the
LS as a partial replacement of cement, while an inversely proportional
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relationship was found for FA in the same comparison. The air content of
the fresh mixes was determined and conforming design air content 2 +
0.5 %. The initial 0.4 and 0.3 % decrease in the air content for 20 % LS
and 20 % FA mix may be due to the cenosphere particles. In contrast,
appropriate SP dosage was provided to adjust the workability of 40 % LS
and 60 % LS mixes, and the air content of the mixes was increased by 0.2
and 0.3 % compared to the 20 % LS mix. Similarly, the increase in slump
of 40 % FA and 60 % FA fresh concrete mixes also supported the surge
0.1 and 0.3 % air content, respectively compared to 20 % FA mix.

The fresh density [39] of the concrete mixes is shown in Fig. 5 (c).
The fresh density of the control mix was 2436 kg/m>. It is seen that the
fresh density of concrete decreases with the increase of LS and FA con-
tent in the mixes. The fresh density of 20-60 % LS and 20-60 % FA
concrete mixes was reduced by 1.2-3.3 % and 0.9-3.7 %, respectively.
The fresh density of LS and FA concrete mixes was slightly less than the
control mix, but compliant with normal concrete fresh density of
2200-2600 kg/m3 [50]. Therefore, the reduction of the fresh density of
LS and FA concrete mixes was attributed due to the lower specific
gravity of LS and FA compared to cement.

The compaction factor [43] of LS and FA concrete mixes is given in
Fig. 5 (d). The compaction factor of the control was 0.957. The
compaction factor of 20-60 % LS concrete did not follow a particular
trend with respect to the LS content as a partial replacement of cement.
The compaction factor of 20 % LS, 40 % LS, and 60 % LS mixes was
increased by 2.7, 2.5, and 3.2 %, respectively. On the other hand, the 20
% FA as a SCM produced better compacted concrete than the control,
however the compactibility degrade for 40-60 % FA as a SCM. Specif-
ically, the compaction factor of 20 % FA, 40 % FA, and 60 % FA mixes
was increased by 2.7, 2.4, and 2.2 %, respectively. The variation of the
compaction factor of different mixes depends on the leanness and rich-
ness of the mix [50]. Fresh concrete mixes with lower fresh density and
high slump produce leaner concrete mix, while rich fresh mixes are of
high fresh density and low slump. Therefore, lean concrete prepared
with 40-60 % LS as a SCM needs 1.5-2 wt% (of binder) SP to reduce the
friction for the total work done in the movement of concrete through the
hoppers. In contrast, FA spherical ball bearing particles could produce
same total work done by minimizing waste work without SP dosage.

It is seen that, the compaction factor of 40 and 60 % FA mixes was
reduced compared to the 20 % LS mix, while the slump of the 40 and 60
% FA mixes increased in the same comparison. Therefore, the determi-
nation of water retention capacity (WRC) of the fresh mixes will justify
the workability (spread diameter) with/without free surface water, as
given in Fig. 5 (e). The WRC of control sample was 0.63 and that of 20 %
LS concrete was 0.65. It may be the retained water in the cenospheres of
LS that could not be extracted at an applied vacuum pressure and the
workability was slightly increased despite increased flaky and irregular
shaped particles. However, the WRC of 40 and 60 % LS mixes was 0.57
and 0.50, respectively, and the WRC of 40-60 % LS samples was slightly
reduced compared to the 20 % LS mix. Therefore, increased ceno-
spheres, flaky, and irregular shaped particles for LS concretes propor-
tionally reduced water retention capacity. Apart from LS as a SCM, the
WRC of 20, 40, and 60 % FA samples was 0.58, 0.52, and 0.49,
respectively. Therefore, the WRC of FA concretes was proportionally
reduced with FA content. This may be due to the rounded FA particles
that attributed loose particle packing among cement-FA-sand. Thus, the
FA concretes provided higher inter-particle pore spacing, and the sur-
face water of the mixes was rapidly extractable with same vacuum
pressure compared to LS, and the mix lost flowability. As a result, the
WRC of 60 % LS and FA concretes was reduced by 20.6 % and 22.2 %
compared to the control mix, as shown in Fig. 5 (e).

Therefore, Fig. 5 provided a comprehensive characterisation of LS
and FA concretes in plastic state viz. slump, air content, fresh density,
compaction factor, and WRC. The fresh LS and FA concretes with/
without SP provided design slump and air content for the mix design.
The LS and FA concretes also provided normal density concrete and
compatibility. In essence, 20-60 % LS showed similar fresh properties of
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concrete using 20-60 % FA as a SCM.
3.2. Mechanical properties

3.2.1. Compressive strength

The variation of the compressive strengths of LS and FA concretes at
7, 28, and 90 days are shown in Fig. 6 (a). Among all LS concretes, the
40 % LS yielded maximum compressive strength of 40.5 and 58.6 MPa,
respectively at 7 and 90 days, while 20 % LS showed the maximum 28
days compressive strength of 49.3 MPa. For the FA concretes, the 20 %
FA gained the maximum compressive strength of 34.5, 38.8, and 45 MPa
at 7, 28, and 90 days, respectively. It is seen that, the minimum
compressive strength was achieved by 60 % LS and 60 % FA mixes, at all
test durations.

In this study, the 7, 28, and 90 days compressive strength of the
control specimen was 40.5, 44.8, and 49.6 MPa, respectively. Based on
the comparison of LS and FA concretes, the 40 % LS and 20 % FA mixes
gained the maximum SAI of 100 % and 85 %, respectively at 7 days,
while the minimum SAI was 45 % and 32 % for 60 % cement replace-
ment by LS and FA, respectively. It is seen that 20-40 % LS as a partial
replacement of cement accelerated the early age pozzolanic activity of
the system compared to other mixes. The LS possess 31.6 % amorphous
aluminosilicate phase, and the pozzolanic activity of LS initiates in be-
tween 3 and 7 days, and proportionally increases with the hydration
duration [6]. The formation of Na, Mg, and K incorporated calcium
aluminosilicate hydrate (C-A-S-H) amorphous intermediate hydration
products provided nucleation sites in the crystalline phases of ettringite
(AFt), secondary ettringite (AFm), and calcium silicate hydrate (C-S-H),
and accelerated early age strength development of 20-40 % LS concrete
mixes [6]. As a consequence, the SAI development of 20-40 % LS mixes
was consistent at 28 and 90 days, and the maximum SAI was 118 % for
40 % LS mix at 90 days. In addition, the pH of LS was 11.28 and found
less than the pH of FA, which is 12.17. However, the EC of FA was found
to be 330 pS/cm, while that of LS was 1300 pS/cm. In essence, the
reduced ion dissolution capacity of FA at higher alkalinity could not
accelerate the strength development of FA concrete mixes, and hence FA
is characterised as slow pozzolanic compared to LS in the same com-
parison. On the other hand, the 7, 28, and 90 days SAI of 20-40 % FA
mixes were less compared to 20-40 % LS mixes. Specifically, the 7 days
SAI of 20 % FA and 40 % FA mixes were 85 % and 32 %, respectively,
whereas 90 days SAI were 91 %, and 53 %, respectively. A study
mentioned the amorphousness of FA originating from same source was
54.6 % [33], but the grains are round with visible cenospheres (as shown
in Fig. 3 (c)), and therefore the concrete prepared with 20-40 % FA left
with high amount of pores leading to decrease in the early and long-term
compressive strength development. In this study, the minimum recorded
90 days SAI was 90 % and 53 % for 60 % LS and 60 % FA mixes,
respectively. The reduced ion dissolution capacity of FA along with the
reduced alkalinity due to the clinker dilution highly reduced the
compressive strength development of 60 % FA mix compared to 60 % LS
mix [3,6,19].

The strength activity index (SAI) of 20-60 % LS and FA concretes
were compared with the 75 % SAI requirements set by the standards BS
8615 [51], ASTM C618 [52], and AS 3582.4 [53] at 28 days, while
RILEM TC 267-TRM [54] categorised concrete to be highly pozzolanic,
moderately pozzolanic, and not pozzolanic when the SAIs within >100
%, 65-100 %, and <65 %. It is seen that 20-60 % LS and 20 % FA as a
partial replacement of cement produced SAI >75 % and satisfy the
requirement set by the standards BS 8615 [51], ASTM C618 [52], and AS
3582.4 [53] at 28 days. On the other hand, according to RILEM TC
267-TRM [54], 20-40 % LS are classified as a highly pozzolanic, and 60
% LS and 20-40 % FA are classified as moderately pozzolanic, and 60 %
FA as non-pozzolanic.

3.2.2. Split tensile strength
The split tensile strength and relative split tensile strength of 0-60 %
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Fig. 6. Variation of the compressive strength and strength activity index (SAI) (a), split tensile strength and relative split tensile strength (b), flexural strength and
relative flexural strength (c), and (d) elastic modulus and relative elastic modulus of control, 20-60 % LS, and 20-60 % FA concrete specimens. The error bars
representing the maximum and minimum measured values. The blue dash line in Fig. 6 (a) represents the 75 % SAI requirements for BS 8615 [51], ASTM C618 [52],
and AS 3582.4 [53] at 28 days, and green dash line at 65 % SAI points out the requirements of RILEM TC 267-TRM [54], respectively. The black dash line in Fig. 6
(a—d) indicates the mechanical property of the control specimen. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

cement replaced LS and FA concrete mixes is depicted in Fig. 6 (b). The
LS and FA concretes produced a consistent split tensile strength devel-
opment at 7, 28, and 90 days. The maximum split tensile strength was
4.11 MPa and 3.71 MPa for 20 % LS and 20 % FA mixes at 90 days, while
the minimum tensile strength was 3.16 MPa and 2.74 MPa for 60 % LS
and 60 % FA mixes in the same comparison. The 7, 28, and 90 days split
tensile strengths of the control specimen were 2.77, 3.13, and 3.32 MPa,
respectively. The 7 days maximum relative split tensile strength was 91
% and 108 % for 20 % LS and 20 % FA mixes, while the minimum value
was 89 % and 56 % for 60 % LS and 60 % FA mixes. It is seen that the 20
% FA mix slightly induced the early age split tensile strength compared
to the control and 20 % LS mixes. Later, the maximum 28 days relative
spilt tensile strength was 110 % and 100 % for 40 % LS and 20 % FA
concrete mixes, and in comparison, the minimum value was 95 % and
70 % for 60 % LS and 60 % FA mixes. The tensile strength development
of 20-40 % LS mixes from 7 to 28 days was higher due to the increased
ion dissolution capacity of the LS than FA. Here, the relative split tensile
strength of 60 % FA mixes was increased by 14 % from 7 to 28 days and
the increase in the development of tensile strength was found maximum
compared to the 20-40 % FA mixes. This may be due to the high alkaline
medium provided induced pozzolanic activity of 60 % FA mix in the
formation of hydration products [55]. The maximum 90 days relative
split tensile strength was 124 % and 112 % for both 20 % LS and 40 %
LS, and 20 % FA mixes. Nonetheless, the minimum value was 95 % and
83 % for 60 % LS and 60 % FA mixes in the same comparison. Therefore,
the ion dissolution potential of LS at reduced alkalinity consistently
maintained the pozzolanic activity in the development of split tensile

strength of LS concretes. However, high alkaline medium with lower ion
dissolution potential of FA reduced the pozzolanic activity and split
tensile strength of 40-60 % FA concrete mixes.

3.2.3. Flexural strength

The variation of the flexural strength of the 20-60 % LS and 20-60 %
FA concrete mixes at 7, 28, and 90 days is shown in Fig. 6 (c). The LS and
FA concrete mixes showed a consistent strength development over the
testing period. The average maximum flexural strength of the control
specimen was 5.23, 5.40, and 5.53 MPa at 7, 28, and 90 days. Among LS
and FA mixes, the average maximum flexural strength was 5.40 and
5.15 MPa for 20 % LS and 20 % FA mixes at 90 days, respectively, while
the average minimum flexural strength was 4.38 and 3.35 MPa for 60 %
LS and 60 % FA mixes, respectively. The maximum relative 7 days
flexural strength of 20 % LS and 20 % FA mixes was 79 % and 67 %,
respectively, and the minimum was 51 % and 37 % for 60 % LS and 60 %
FA mixes, respectively in the same comparison. At 28 and 90 days, the
relative flexural strength of the same mixes were increased propor-
tionally and produced the maximum and minimum relative flexural
strength. It is seen that the incorporation of LS and FA as a SCM
significantly reduced the relative flexural strength of the concrete mixes.
The reduction of the flexural strength is more prominent at high cement
replacement by the pozzolan that dilutes the clinker C3S and p-CyS
phases [56]. In this study, 60 % LS mix induced 25 % relative flexural
strength from 7 to 28 days while only 3 % from 28 to 90 days. A high
volume of LS in the mix imparted higher early age ion dissolution that
accelerated the formation of hydration products by combining available
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clinker in the system and increased relative strength development from
7 to 28 days. In general, the ion dissolution capacity of pozzolans
reduced at long term hydration and at 60 % cement replacement by LS, it
is unlikely that any remaining clinker would be reacted due to the lower
cement content in the system.

3.2.4. Elastic modulus

The variation of the elastic modulus of the control, 20-60 % LS, and
20-60 % FA concrete mixes is shown in Fig. 6 (d). In this study, a
consistent development of the elastic modulus of LS and FA concrete
mixes is depicted at 7, 28, and 90 days, but the elastic modulus of the
concrete mixes degraded with the increase of SCM content. At 90 days,
the maximum elastic modulus was 43.92 and 32.62 GPa for 20 % LS and
20 % FA concrete mixes, respectively. However, the 60 % LS and 60 %
FA concrete mixes produced the minimum elastic modulus of 35.73 and
29.29 GPa at 90 days, respectively. The elastic modulus of the control
specimen was 30.78, 35.12, and 35.27 GPa 7, 28, and 90 days, respec-
tively. The relative maximum elastic modulus was 112 % and 97 % for
20 % LS and 40 % FA mixes, respectively at 7 days, while the minimum
was 19.52 and 20.17 GPa for 60 % LS and 60 % FA mixes in the same
comparison. At 28 and 90 days, the maximum relative elastic modulus
was obtained for 20 % LS and 20 % FA mixes, while the minimum
relative elastic modulus was yielded for 60 % LS and 60 % FA mixes. It is
seen that alkalinity and ion dissolubility of 60 % LS and 60 % FA con-
crete mixes helped gaining 29 % and 16 % higher relative elastic
modulus at 28 days compared to 7 days. Nonetheless, the relative
compressive strength of 40 % LS was 10 % and 11 % higher compared to
20 % LS mix at 7 and 90 days, however, the relative elastic modulus of
40 % LS was decreased by 14 and 15 % at same comparison. The
reduction of the elastic modulus of 40 % LS concrete mix may be due to
the interfacial transition zone (ITZ) pores/air voids that could not be
refined from early to extended lime curing [57,58]. Therefore, the
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increasing LS content as a SCM proportionally increased the elastic
strain of the composite and making 40 % LS concrete more ductile
despite high compressive elastic loading.

It can be seen that the physiochemical, microstructural, and elec-
trical conductivity of LS provided strong justification in the characteri-
sation of the fresh and mechanical properties of LS concretes compared
to FA concretes. The mechanical strength development of LS concrete
mixes can be interpreted through ITZ microstructure development and
hydration products. Therefore, this study assessed the microstructure
and hydration products development of 0-60 % LS concrete samples
through SEM-EDS microscopy.

3.3. Microstructure

3.3.1. SEM

The SEM images of 0-60 % LS concrete mixes at 7 and 90 days are
shown in Fig. 7. As LS is a new SCM and activates early in unsaturated
lime solution than conventional FA, therefore this study will emphasis
on the microstructure development of 0-60 % LS concrete mixes. Spe-
cifically, the mechanical strength development of 0-60 % LS mixes will
depend upon the reactivity of LS in the development of the aggregate
ITZ. The microstructure of 0-60 % LS concrete mixes provided charac-
teristic change in the development of the aggregate ITZ from early age to
long term strength growth. Particularly, the characteristic microstruc-
tural features include the microcracks and pores in the ITZ and non-ITZ
zones, partially reacted and unreacted binders, and ettringite recrys-
tallisation, which influences strength development of LS concretes [59].
In this study, partially hydrated cement (PHC), partially reacted LS
(PRLS), and anhydrous LS (ALS) were identified from the layered EDS
mapping of BSE images, and the characteristic variation is shown in
Fig. 8 (a) and Fig. 8 (b) for control and 20 % LS mixes, respectively. The
PHC, PRLS, and ALS were assessed from the grains with high
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Fig. 7. BSE images of 0-60 % LS concrete mixes ITZ at 7 days (a-d), and 90 days (e-h). Here, PHC, PRLS, and ALS are partially hydrated cement, partially hydrated

LS, and anhydrous LS.
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(a) Control
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(b) 20% LS

Fig. 8. Identification of PHC, PRLS, and ALS for control (a) and (b) 20 % LS from layered EDS mapping of BSE images of Fig. 7 (a) and (b).

concentration Ca at the core with peripheral Si, high concentration Si at
core with circumferential Ca, and high concentration of Si and lower
concentration of Al through appropriate colour identifications. Overall,
microstructure of the concrete mixes was highly improved with the
incorporation of LS as a SCM. At early age (7 days), the LS incorporated
concrete mixes provided better ITZ compatibility than the control. It is
seen that the control mix showed at least 1-3 pm visible gap in between
the paste/mortar with the NCA ITZ, partially reacted cement grains in
the matrix, non-ITZ microcracks, and voids, as shown in Fig. 7 (a). The
NCA ITZ compatibility with paste/mortar slightly improved in the 20 %
LS concrete, but microcracks of <1 pm width were still observed in the
NCA ITZ (Fig. 7 (b)), and partially reacted cement and LS along with
non-ITZ cracks and voids degraded the early age mechanical perfor-
mance. In 40 % LS concrete as shown in Fig. 7 (c), the ITZ of NCA and
NFA was improved to gain high early age compressive strength such that
the cracks in the ITZ and partially reacted binder particles were mini-
mised, but the system produced higher number of pores compared to 20
% LS mix. The 40 % LS mix diluted the cement clinker, but the mix
gained higher early strength compared to 20 % LS, and this may be due
to the higher early age ion dissolution capacity of LS that could combine
available portlandite in the 40 % LS system making a highly compact
microstructure left with minimum partially hydrated binders and
microcracks. On the other hand, from Fig. 7 (d), the ITZ of 60 % LS mixes
showed bridging microcracks of 1-2 pm width in the non-ITZ zones, left
with higher amount of partially reacted and unreacted binders, and
discrete pores. The white grains near the cracks indicated AFt recrys-
tallisation, which provided expansion in the paste/mortar matrix to
induce tensile microcracks in the 60 % LS mix. The ion dissolution of 60
% LS is higher compared to the other mixes. However, the reduced
portlandite in the highly diluted cement system left with high amount of
unreacted and partially reacted LS particles, which decreased the early
age compressive strength of 60 % LS mix compared to other mixes.

At 90 days, the ITZ compatibility with paste/mortar of control con-
crete was highly improved with minimal microcracks and voids, but still
higher amount of non-ITZ bridging cracks and partially hydrated and
anhydrous cement particles were visible in the microstructure, as shown
in Fig. 7 (e). For 20 % LS mix, the early age microcracks at the ITZ of
NCA and NFA were reduced at long-term hydration. It is seen that early
age large pores were healed, and anhydrous cement and LS grains were
further hydrated making a dense microstructure (Fig. 7 (f)) to gain
higher compressive strength at extended curing. The 40 % LS formed a
highly dense microstructure (Fig. 7 (g)) at extended curing by
consuming available portlandite and making highly compatible ITZ with
mortar/paste with reduced pore sizes compared to the early age
microstructure of the same mix. Lastly, the microcracks in the ITZ of
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NCA were highly reduced for 60 % LS at long-term curing (Fig. 7 (h)),
however, the microcracks in the ITZ of NFA and non-ITZ regions are
more pronounced. This may be due to the precipitation of highly reac-
tive alkaline salts (Na, Mg, K) from the LS particles that incorporated in
the C-S-H or C-A-S-H structure, which expanded the hydrated crystal
structure and tensile stress exacerbates in the void-NFA-cement/mortar
matrix to develop higher amount of microcracks [6,60,61]. Addition-
ally, higher amount of anhydrous LS along, large pore voids at long-term
hydration, and AFt recrystallisation through the bridging microcracks of
paste/mortar in 60 % LS mix reduced the long-term mechanical strength
in comparison to 0-40 % LS concrete mixes.

3.3.2. EDS

The line scan EDS were generated for the BSE images in Fig. 7(a-h) of
0-60 % LS mix samples and the elemental spectra of the ITZ in between
the NCA and NFA are shown in Fig. 9. A cropped portion of the BSE
image is attached in each elemental spectra in Fig. 9 where a line scan
was generated. In general, the length of the ITZ of the NCA and NFA
varies from 9 to 50 pm [60,62,63], and therefore, a 10 pm width box was
placed near to the surface of NCA and NFA to identify the major con-
centrations (counts) of the elements in the formation of the probable
hydration products. It can be seen significant concentration of S, Fe, Mg,
and Al in the C-S-H in the ITZ of NFA which indicate the formation of
AFt, AFm, M-A-S-H and C-A-S-H hydration products at 7 days, as shown
in Fig. 9 (a) [6,64]. The line scan EDS in the ITZ of NCA indicated the
formation of AFm, M-A-S-H, K-A-S-H, and C-A-S-H, as shown in Fig. 9
(a). Therefore, the formation of Mg and K based C-S-H along with AFt
and AFm induced higher ITZ gap and microcracks in the NCA and NFA of
the control specimen at 7 days [65]. At 90 days, the ITZ compatibility of
NCA was highly improved but still Mg, K, and Al based C-S-H were
formed, as shown in Fig. 9 (b), and the ITZ of NFA was concentrated with
Al based C-S-H producing highly compatible ITZ. A high concentration
of S and Al along with Ca and Si may form AFt, C-A-S-H, and C-S-H in
the ITZ of NCA and NFA of 20 % LS sample at 7 days, as shown in Fig. 9
(c). The microcracks near the ITZ may be influenced by the formation of
AFt and the mechanical strength was slightly reduced compared to the
control at early age. Later, the hydration products in the ITZ of NFA
incorporated K-A-S-H, and it may be the precipitated K from the lithium
slag soluble salts that depleted Ca from C-A-S-H structure at long-term
hydration [6,66], as shown in Fig. 9 (d). A similar elemental combina-
tion was found in the ITZ of NCA at both 7 and 90 days, however the ITZ
microcracks were highly reduced at long-term hydration, as shown in
Fig. 9 (d). For 40 % LS specimen, ITZ of NFA incorporated S, Fe, and Al
with C-S-H that may form AFt, AFm, C-A-S-H, and C-S-H at 7 days,
while the ITZ of NCA may contain AFt, K-A-S-H, C-A-S-H, and C-S-H, as
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Fig. 9. Line scan EDS generated for the BSE images of 0-60 % LS concrete specimens of Fig. 7(a-h).
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shown in Fig. 9 (e). It can be seen that ITZ of NFA showed a few hairline
microcracks in 40 % LS sample and this may be due to the formation of
AFt and AFm. In contrast, the NCA ITZ of 40 % LS comprised of AFt and
K-A-S-H hydration products but did not indicate any visible microcracks
at 7 days, and this may be due to working distance and preferred scaling
of the BSE imaging that could not detail the fine microcracks in that
region. At 90 days, the formation of AFt, C-A-S-H, and C-S-H indicated
highly compatible ITZ for NCA and NFA of 40 % LS specimen, as shown
in Fig. 9 (f). Therefore, the fine microcracks in the ITZ of 40 % LS
specimen at early age were healed at 90 days to provide higher me-
chanical strength. Lastly, for 60 % LS specimen, the ITZ of NCA and NFA
showed the formation of AFt, C-A-S-H, and C-S-H at 7 and 90 days, as
shown in Fig. 9 (g) and (h), respectively. It is seen that the EDS signal for
S was higher at 7 and 90 days compared to other elements under
consideration. Therefore, the early age microcracks formed at the ITZ
and non-ITZ zones of 60 % LS was associated with the formation of AFt,
and the dilution of cement could not form new hydration products at
long-term curing to improve the ITZ compatibility and in the develop-
ment of mechanical strength.

The molar ratios of Al/Ca and Si/Ca of 0-60 % LS concrete mixes at 7
and 90 days are plotted in Fig. 10 to indicate the formation of crystalline,
amorphous, and amorphous intermediate hydration products through
kernel density estimation. In particular, least intermixed point method
was adopted to fix the position of CH, AFt, AFm, and C-A-S-H in the Al/
Ca versus Si/Ca plot [64,67,68]. At 7 days, the kernel density was highly
concentrated near CH zone and partly dense at AFt and C-A-S-H, as
shown in Fig. 10 (a), while the data density was shifted to C-A-S-H at 90
days, as depicted in Fig. 10 (e). It is seen that the data concentration of
intermixed CH, AFt, and AFm with C-A-S-H were higher at 90 days than
7 days, and this may be the probable incorporation of Mg and K based
A-S-H amorphous intermediate hydration products, as shown in Fig. 9
(a-b). Therefore, the formation of amorphous intermediate hydration
products from the reorientation of C-A-S-H microstructure induced the
long-term strength development of control specimen. For 20 % LS
specimen, the kernel density was populated in between intermixed
C-A-S-H and CH, C-A-S-H and AFt, and C-A-S-H at 7 days, respectively,
as shown in Fig. 10 (b). The later age microstructure of 20 % LS spec-
imen was highly improved and the data density of Al/Ca v/s Si/Ca was
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highly reduced the intermixed C-A-S-H with CH, AFt, and AFm zones.
On the other hand, data density of 40 % LS specimen were concentrated
at C-A-S-H zone at early age, as shown in Fig. 10 (c), and as a result the
specimen gained maximum SAI of 100 %. From Fig. 10 (g), the data
density of 40 % LS at 90 days was expanded higher compared to 7 days,
but still higher amount of retained intermixed C-A-S-H with AFt and
AFm porous hydrated phases compared to 20 % LS (in Fig. 10 (f)). Lastly,
the data density of 60 % LS specimen was higher in the border line of
intermixed C-A-S-H with AFt and AFm phases at 7 days, as shown in
Fig. 10 (d). Therefore, the early age SAI of 60 % LS was minimum at 83
%, and at 90 days, the maximum data density of Al/Ca v/s Si/Ca shifted
to C-A-S-H. In addition, the data density of 60 % LS was highly shifted
away from the intermixed C-A-S-H with AFt and AFm phases at longer
hydration (in Fig. 10 (h)) compared to 20-40 % LS mixes, and this
indicated the higher concentration of porous amorphous intermediate
hydration products. It is seen that a small data density was continuing to
enlarge near CH of 20-60 % LS specimen. This may be the residual CH
that can still form hydration products at an extended duration of
hydration.

4. Additional discussion

In this study, the compressive strength, tensile strength, flexural
strength, and elastic modulus of LS and FA concretes will be estimated
from the prediction equations proposed in different studies and stan-
dards. The proposed equations were verified for a wide range of poz-
zolans in different mix designs to understand the pozzolan reactivity at
early and long-term hydration, and the modification required to char-
acterise new pozzolans or conventional pozzolans with different sour-
ces, treatment, or test conditions etc. In this study, the strength
prediction equations found in the standards and literature will be used to
estimate the mechanical strength of LS and FA concretes. The
compressive strength of control and fly ash concretes can be predicted
from the Bolomey equation [69], as shown in Eq. (1), where f(t), A(t),
C, W, and B(t) represent compressive strength (MPa) at time t (in days),
age function, cement content (kg/m3), water content (kg/mB), and a
constant, respectively.

T T = T T T LR S B s
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Fig. 10. Al/Ca (molar ratio) versus Si/Ca (molar ratio) through line scan EDS of 0-60 % LS concrete mixes at 7 and 90 days.
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Here, the value of A(t) was 30.1, 35, 39.2, and 41.2 at 7, 28, 180, and
365 days, respectively, while that of B(t) was constant i.e., —18.2. Here,
Eq. (1) was slightly modified to Eq. (2), where the reactivity of FA at
different test durations were considered [69]. Here, a and b are
regression constants of value 0.049 and 0.0255, respectively. Then, a1,
as, and P are pozzolanic activity factors for the contribution of
compressive strength at different test ages, Blaine specific surface area
function, and pozzolan content in the mix (kg/m3).

- () (2252)
a =k (t)exp{kz(t). (%) } 3)
ki (£) =m {1 — exp(—mat) +ms} 4
kz([):l’ll{l —exp(—nzt)+n3} (5)
s :k3(B — 250) +1 (6)

The parameters k; (t) and k»(t) are expressed as increasing functions
of t. Specifically, k;(t) participate in the development of a; as the
pozzolanic activity increases the strength with ages, while k,(t) de-
creases with age as the residual Ca(OH); in the system decreases with
the time. The term k; (t) was determined from the constants m;, m,, and
ms, and the values are 1.55, 0.0075, and 0.156, respectively, while the
constant values of n;, n,, and n; are —0.075, 0.01, and —0.371,
respectively to express ky(t). Finally, the a, was expressed by the con-
stant k5 of value 1.14x10~* and B representing the Blaine specific surface
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area of the pozzolan. The recommended constant values were consid-
ered to predict compressive strengths at different ages and plotted with
respect to the measured compressive strength, as shown in Fig. 11 (a). It
can be seen that the calculated compressive strength was overestimated
for FA concrete mixes and underestimated for LS concrete mixers. The
regression coefficient (R?) of the predicted and measured compressive
strength of FA and LS concrete specimens was 0.95 and 0.45, respec-
tively. The proposed Eq. (2) [69] was based on the pozzolanic activity of
the FA with portlandite. Specifically, the model assumed that the ion
dissolution capacity of FA reduces with age and the reactivity of FA in
the portlandite system also decreases with age, as shown in Fig. 2.
Therefore, the predicted compressive strength of the FA concrete was
higher compared to the measured strength. In contrast, the ion disso-
lution capacity of LS was higher compared to the FA in both DI water
and portlandite medium, and as a result the measured strength of LS
concrete was higher compared to FA concrete specimens. In addition,
the theoretical and relative conductivity of LS to attain the reaction
equilibrium was faster compared to the FA, and therefore the a; and a,
of Eq. (2) need further adjustment to improve the R? for measured versus
predicted compressive strength of LS concrete. The variables of a; and a,
are recalculated from the non-linear generalized reduced gradient
method by minimizing the difference between the sum of squares of the
calculated and measured compressive strength. The predicted values of
my, my, ms3, Ny, Ny, N3, and ks were 0.218, 15.931, 0.215, 0, 0.01, 0.787,
and 2.84x1073, respectively, and the R? for the measured and calculated
compressive strength becomes 0.90, as shown in Fig. 11 (a). On the other
hand, the 28 days split tensile strength (f,; ) of LS and FA concretes was
predicted from the AS 3600 [26], ACI 318 [25], and CEB-FIP 1990 [27]
standard equations, as shown in Egs. (7), (9) and (13), respectively.
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Fig. 11. Comparison of experimental and predicted compressive strength (a), tensile strength (b), flexural strength (c), and (d) elastic modulus of LS and FA concrete
mixes. The horizontal error bars represent the maximum and minimum compressive strength.
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fu =036 \/Jj )
femi=f, +3 ®
fo =0.56 \/; 9)
fom=Ff.+7.f. <21 MPa (10)
fom=f. +83,21 <f. <35MPa 1)
feom=1.1f.+5.f. > 35MPa 12)
f =1.40 <{—0>x 13

Here, fc, femi, and f, ., represent characteristic compressive strength of
cylinder (MPa), mean in-situ compressive strength of the cylinder
(MPa), and mean compressive strength of the cylinder (MPa). Eq. (8)
was used for the determination of the fc of Eq. (7), and Eqgs. (10)—(12)
were used to obtain f, of Eq. (9). The standard equations were used for
the prediction of the split tensile strength of LS and FA concretes from
the measured compressive strength are depicted in Fig. 11 (b). It is seen
that CEB-FIP 1990 [27] underestimated the experimental split tensile
strength of 20 % FA and 60 % FA mix specimens, and ACI 318 [25]
underestimated the 20 % FA and 60 % FA concrete at 28 days. None-
theless, AS 3600 only overestimated the split tensile strength of 20 % LS
concrete mix. Therefore, AS 3600 [26] was found to be conservative in
the prediction of the split tensile strength of LS and FA concrete mixes
compared to ACI 318 [25] and CEB-FIP 1990 [27] standard equations.
Later, the flexural strength (f.) of the LS and FA concrete mixes was
predicted from the standard equations proposed by AS 3600 [26], ACL
318 [25], and CEB-FIP 1990 [27], as shown in Egs. (14), (16) and (17),
respectively.

fuy =036 \/; (14)
fﬂ,m = l'4ftl-f (15)
fur =0.62\/f. (16)
fur =081 \/f. a7

Where, f , is the mean flexural strength. The predicted flexural strength
of the LS and FA concrete mixes from the 28 days compressive strength is
shown in Fig. 11 (c). It is seen that CEB-FIP 1990 [27] model over-
estimated the 28 days flexural strength of all mixes, while AS 3600 [26]
underestimated the flexural strength of all mixes in the same compari-
son. In addition, ACI 318 [25] overestimated the flexural strength of
20-60 % LS mixes. Therefore, ACI 318 [25] and AS 3600 [26] was found
to be conservative in the prediction of the flexural strength of the 0-60 %
LS mixes from the measured compressive strength of the cylinders.
Furthermore, the elastic modulus (E.) of the LS and FA concrete mixes
was predicted from the measured 28 days compressive strength of the
cylinder by using the ACI 318 [25], AS 3600 [26], Eurocode 2 [70], and
CEB-FIP 1990 [27], as shown in Egs. (18) and (19) (a, b), 20, and 21,
respectively.

E, =4700 \/Z (18)
E. = (p") x (00431330 fom < 40 MPa (192)
E. = (p") x (0.024 230 40.12) fos > 40 MPa (19b)
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f 0.3
E. = 22000 x (;g) 20)
fom=f.+8 @D
f 3
E. =0.85 x 21500 x <E) (22)

Here, p represents the dry density of the concrete specimen. The
measured 28 days compressive strength was used for the prediction of
the elastic modulus of the LS and FA concrete specimens, as shown in
Fig. 11 (d). It is seen that ACI 318, CEB-FIP 1990, and AS 3600 under-
estimated the elastic modulus of the concrete mixes, while Eurocode 2
marginally overestimated 20 % LS concrete mix elastic modulus.
Therefore, the prediction of the elastic modulus from the standards ACI
318, CEB-FIP 1990, and AS 3600 was found to be conservative compared
to Eurocode 2 in the prediction of the 0-60 % LS concrete mixes. In
essence, the prediction compressive strength, split tensile strength,
flexural strength, and elastic modulus from the literature and stand-
ardised equations provided the justification of the mechanical strength
development of the 20-60 % LS concrete mixes as a normal concrete mix
in line 20-60 % FA concrete mixes.

5. Conclusions

This study presents the fresh, mechanical, and microstructural
properties of concretes containing various lithium slag (LS) contents of
20, 40 and 60 % and benchmarked with corresponding class F fly ash
(FA) concretes and control ordinary Portland cement concrete. Based on
above discussion, the following conclusions can be drawn.

a. The SiO2+Aly03+Fes03, loss of ignition at 750 °C, and amor-
phousness of raw-LS were 77.2 %, 7.8 %, and 31.6 %, respectively.
The electrical conductivity and pH of the raw-LS were 1300 pS/cm
and 11.28, respectively. The ion dissolution and CaO removal ca-
pacity tests of the pozzolan showed that LS was activated 11.6 days
earlier than FA. These measured physio-chemical properties raw-LS
are comparable with conventional FA properties. Therefore, 20-60
% LS was used as a partial replacement of cement for determination
of fresh, mechanical, and microstructural properties of concrete.

b. The slump, air content, fresh density, and compaction factor of
20-60 % LS concrete were within 125 + 25 mm, 2 + 0.5 %,
2200-2600 kg/m°, and 0.984 + 0.004, respectively. These measured
values were within the range of normal concrete fresh parameters.
The water retention capacity of 20-60 % LS concrete was higher
compared to FA concrete at same cement replacement. Therefore,
the pore spaces in FA fresh concretes were higher than LS concrete at
same cement replacement.

c. The compressive strength, tensile strength, and flexural strength of
40 % LS concrete were 46.9 MPa, 3.44 MPa, and 4.93 MPa, respec-
tively at 28 days, and found higher compared to the control mix;
replacing more than 40 % cement by LS highly reduced the me-
chanical strength properties. The strength activity index (SAI) of 40
% LS concrete was 118 % at 90 days, and the SAI is dropped by 28 %
at 60 % LS content. The tensile strength, flexural strength, and elastic
modulus of 20-60 % LS concrete was higher at all test ages compared
to FA concrete at same replacement level.

d. The interfacial transition zone (ITZ) of 40 % LS concrete was free
from microcracks at 7 and 90 days, but still contains large number of
pores and partially hydrated and anhydrous LS.

e. It is seen that the amorphous C-A-S-H, and amorphous intermediate
intermixed C-A-S-H with AFt and AFm hydration products increased
with the increasing volume of LS, providing high mechanical
strength but with large number of pores at long-term hydration.
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f. The prediction of the compressive strength of LS concrete based on
the equation proposed by Hwang et al. [69] for the strength devel-
opment of FA concrete produced poor regression coefficient (R2) of
0.45. The factors controlling the pozzolanic activity to induce
strength with ages and Blaine specific surface area were adjusted by
implementing a non-linear generalized reduced gradient method,
and the R? for the same data set reached at 0.90. Also, AS 3600 [26]
and ACI 318 [25] underestimated 28 days tensile strength, flexural
strength, and elastic modulus of 40 % LS concrete. In contrast, the
CEB-FIP 1990 [27] overestimated tensile and flexural strengths of 40
% LS concrete, and the Eurocode 2 [70] overestimated the elastic
modulus in the same comparison.

The hydration products of amorphous intermediate intermixed C-A-
S-H with AFt and AFm phases increases with the increase of LS content
as a SCM. This amorphous intermediate phases also incorporates highly
reactive alkali metal ions of K, Mg, and Na at later age. These precipi-
tated ions may incorporate in C-A-S-H crystal structure and radiate
tensile cracks in the ITZ/non-ITZ zones, making the microstructure
porous. Therefore, in-depth durability assessment should be carried out
for a convenient implementation of LS in concrete.
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