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Abstract
The escalating demand for lithium battery products in making electronic devices is
producing an enormous amount of lithium refinery residue (LRR). This waste is not
only an environmental hazard, but most importantly, its proper disposal is very costly.
The high cost of Li-battery can be reduced by utilizing this waste in concrete to produce
new smart materials in an engineered way to obtain a greater life cycle. The study
aims at unravelling a new generation of material that enables its optimization in
concrete. Specifically, this paper presents a comprehensive review of physio-chemical
properties of some common supplementary cementitious materials (SCMs) and their
comparisons with LRR. The previous studies recommended to use 10-20% LRR as a
SCM which is suitable for concrete by capturing complex properties like fresh,

mechanical, durability and microstructural in line with other pozzolanic materials.

Keywords: Lithium refinery residue; Pozzolanic material, Silica-rich wastes;

Sustainable recycling.

1. Introduction
Lithium batteries are ubiquitous and have gained unyielding reliability in making clean
energy source for smart devices and vehicles [1]. Though different types of batteries

are available in the market, unsurprisingly, the insatiable industrial demand for the
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lithium compound is still immutable. At present, pristine lithium compounds are
extracted mostly from spodumene ore and to some extent from lepidolite. Spodumene
is indigenous in a very limited deposit in Chile, Australia, China, Argentina, Brazil,
USA, Zimbabwe, and Portugal. After Chile, Australia possesses the second-largest
lithium reserve, and Western Australia (WA) supplies the highest lithium in the global
battery market [2]. Lithium refinery residue (LRR), and various metal oxides are
generated as by-products after the chemical treatment of spodumene to produce
lithium carbonate. The current lithium production process generates about 9-10 tons
of LRR in the production of one ton of lithium carbonate [3-6]. Australia produced
42,000 tons of lithium in 2019, and the produced LRR covered a large area of backfill
[2, 7]. This hazardous waste is not only an environmental threat but most importantly,
its proper disposal is very costly. The high cost of Li-ion battery can be reduced by
using LRR as a supplementary cementitious material (SCM) in concrete to produce

new low-carbon concrete in an engineered way.

The mineralogical composition of LRR shows high amounts of the oxides of silicon,
aluminum, and calcium which directed the material scientists to use LRR as a partial
replacement for Ordinary Portland Cement (OPC). The reduction of cement as a
binding material in concrete production reduces the carbon footprint, health hazard,

and construction cost. The use of LRR as SCM will start a new circular economy.

Different terminologies are used by different researchers to represent the material
lithium slag/ delithiated spodumene/ delithiated B spodumene and the term LRR is
used in this paper. Several research articles are available in literature on the use of

LRR as a new SCM. It has been found that a substantial amount of work has been



conducted in China on the use of this material in concrete. Previous studies
considered binary, ternary, and quaternary combinations, such as LRR-cement [5, 8-
16], LRR-fly ash (FA) [16-19], LRR-silica fume (SF) [4], LRR-triisopropanolamine
(TIPA) [20], LRR-limestone powder (LP) [21, 22], LRR-crushed limestone [11, 23],
LRR-iron slag [19], LRR-ground granulated blast furnace slag (GGBFS) [17], and
LRR-GGBFS-FA [17]. The researchers used LRR as a SCM in both dry [3-5] and wet
[10, 14, 24] state of mixing. The investigators studied the properties of concrete [9, 11,
16] while minuscule works on pastes [18, 25] and mortars [14, 20, 24] that will lead to
a future research arena. Besides, the use of LRR was also attempted in alkali-

activated geopolymers [26-31], backfill [18, 25] and brick [32].

Researcher covered a wide range of physio-chemical tests of LRR. The investigations
include visual classification [33], specific surface area [5, 8, 15], specific gravity [4, 5],
density [28], moisture content [15, 16], particle size distribution [13, 14, 24], chemical
composition [3-5], X-ray diffraction (XRD) [13, 14, 20], scanning electron microscopy
(SEM) [14, 24, 26], Fourier-transform infrared spectroscopy (FT-IR) [13], inductive
couple plasma (ICP) [33], nuclear magnetic resonance (NMR) [14, 33], X-ray

photoelectron spectroscopy (XPS) [14], and thermogravimetry (TGA) [3, 28].

The fresh properties included setting times [10, 20], fluidity [4, 12], workability [18, 20],
, air content [15, 16], density [15-17], bleeding [15, 16], and electrical conductivity [10]
and hydration heat [14, 20, 24]. Again, the mechanical properties included
compressive strength [3-5], tensile strength [19, 34, 35], elastic modulus [5, 34], and
flexure strength[3, 8]. The durability properties consist of alkali-silica reaction (ASR)

[16], chloride migration [9, 12, 19], sulfate attack [3], shrinkage [5, 12], water loss [14,



23], pH [26], and creep [5]. In addition, the microstructural properties comprised of
Scanning Electron Microscopy (SEM) [3-5], Energy Dispersive X-ray Spectra (EDS)
[3, 13], X-ray Powder Diffraction (XRD) [3-5], nanoindentation [4, 36],
Thermogravimetric Analysis (TGA) [3, 14], Differential Scanning Calorimetry (DSC)
[12, 13], Fourier-transform infrared spectroscopy (FT-IR) [27-29], Nuclear Magnetic
Resonance (NMR) [28, 29], N2-adsorption [28], and Mercury Intrusion Porosimetry

(MIP) [5, 11].

This study presents an analysis of the physio-chemical, mechanical, durability, and
microstructural properties of the products of LRR. Recommendations are made on the

sustainable use of the LRR in concrete with identification of the needs of future works.

2. Physiochemical and microstructural properties of raw LRR

The physical properties of a SCM influence the fresh, mechanical, durability and
microstructural properties of concrete. Researchers covered the in-depth physical
properties to meet the sustainable challenges. Thus, in this study, the physical
properties of some other common SCMs, such as Kaolin (KA), Metakaolin (MK),
GGBFS, Ferro-nickel slag (FNS), Cement and FA were considered along with LRR to
understand various considerations that are required to implement a SCM as a
sustainable product. The physiochemical and microstructural properties comprised

particle size, fineness, chemical composition, XRD, SEM, and TGA.

2.1 Particle size distribution, fineness, and chemical compositions
The particle size distribution (PSD) of LRR varied depending on the source. The PSD

is categorized into 10% (d10), 50% (d50) and 90% (d90) finer than the size in order to



compare the grain distribution of LRR with other common SCMs. The variation of the
particle size of the SCMs is illustrated in Fig. 1 from different literatures [24, 26, 37-
39]. LRR was found as the coarsest among all SCMs, while MK was the finest in the
same comparison. The d10 of LRR was 4.47 ym while that of MK was 0.94 ym. The
median particle size of FA, GGBFS, and FNS was roughly closer to that of cement
(16.25 pm). All the SCMs under consideration were well-graded, as defined by the
coefficient of uniformity (Cu = d60/d10) such that KA (Cu >3.62) and FNS (Cu >13.31).
The Cuof LRR was greater than 9.03. The d90 of LRR and FNS were approximately

2.5 and 2 times the cement particle size.
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Fig. 1: Particle size of different cement and SCMs (Source: Cement [37], LRR [24],

KA [26], FNS [38], MK [39], GGBFS [26], and FA [39])

From previous research, it is seen that D10 of LRR varies from 0.13 to 20 ym and the
median was 1.77 ym. Similarly, the D50 had a range of 0.3 to 171 ym, and the median
of D50 was 10.7 ym. Besides, D90 was reported 0.66-180 ym and the median size

was escalated to 54.5 ym. Some researchers conducted dry [8] and wet grinding [10,



14, 24] of LRR to decrease the grain size and increase amorphousness. Wet grinding
of 60 and 120 minutes gave higher ion dissolution than the raw sample and enhanced
higher amorphousness of the bulk sample [10, 14]. Consequently, the reactivity of the
LRR increased, and a small percentage of wet grinded pozzolanic material as a SCM
could perform better than the higher percentage of raw sample. A 120-minute wet
grinding increased the molar concentration of aluminum, silicon, and lithium by 645,
134, and 37 times compared to the raw LRR. The binding energy of the elements was
analyzed in X-ray photoelectron spectroscopy (XPS) [14]. The 120 minutes wet
grinding reduced the binding energy of aluminum and calcium, while the silicon was
increased. This enhanced the expedited formation of ettringite (AFt), secondary
ettringite (AFm), C-S-H, and N(C)-A-S-H gels. On the other hand, the fineness of the
LRR by different researchers varied from 400 to 1800 m?/kg, and the median value
was 473 m?/kg. The density was 2450-2500 kg/m?3, and the median value was 2490
kg/m3. The loss on ignition of LRR at 750°C was found to vary from 0 to 33% with a

median value of 7.65%.

The chemical composition of a SCM is an important parameter to assess the
performances of paste, mortar, and concrete. The chemical compositions of SCMs
can be determined by X-Ray Fluorescence (XRF) and Quantitative XRD (QXRD) tests.
Fig. 2 presents the normalized ternary representation of the summation of oxides in
different axes. The horizontal axis represents the sum of silicon, aluminum, and ferric
oxides. As per ASTM C618 [40], the sum of these three oxides must be greater than
70% for a pozzolanic material. The other axes are calcium oxide and the sum of

magnesium, sodium, potassium, and sulfur oxides, respectively. The calcium oxide is



separated as an axis to represent the lime content that may enhance the binding

capacity of the SCM.
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Fig. 2: Ternary graph of summation of oxides for different pozzolanic materials used

by different researchers (combined and reproduced).

The chemical compositions of LRR are compared with the KA [41-50], MK [51-60], FA,
FNS [61-68], FA [69-75], and GGBFS [76-84]. It is evident from Fig. 2 that the
increasing order of calcium oxide by SCMs are MK, FA, KA, LRR, FNS, and BFS. The
normalized value of LRR calcium oxide is approximately 0.15-0.50, which is greater
than MK, FA, and KA. The pozzolanic activity of the SCMs is in the opposite order of
the calcium oxide content as observed from the horizontal axis of the ternary graph.
LRR pozzolanic activity oxides' normalized value is from 0.52 to 0.85, and the value is
greater than those of FNS and GGBFS. The sum of other oxides for all SCMs are

ranging approximately from 0.01 to 0.45, and the LRR has the value of approximately



from 0.09 to 0.31. In Fig. 2, all SCMs under considerations are literally categorized
according to calcium oxide content. The highest lime content is in GGBFS, and the
lowest content is in ferro-nickel slag (FNS), kaolin, and metakaolin, while LRR had a

moderate lime content.

2.2Microstructural analysis of LRR

The XRD of LRR showed gypsum, quartz, sodium aluminosilicate, and complex oxide
of calcium, aluminum, silicon, sodium, and potassium. Yiren et al. [33] indicated that
LRR contained an amorphous aluminosilicate phase from 39.78-42.65%, crystalline
phase from 34.41-44.74%, and gypsum from 6.46-9.83% by analyzing the BSE image

(Fig. 3).

Fig. 4 shows the microscopic images of different SCMs under consideration. The
images are derived from different literatures and referred to in the image description
with their respective scaling. From the SEMs, it is observed that only FA microscopic
particles are spherical and others are irregular. The kaolin is calcined at 700-900°C to
produce MK and after that micro-particle image was taken. The SEM images of KA,
and MK are similar, and there is a similarity of the particle shapes in GGBFS and LRR.
The SEM of LRR is shown in Fig. 4 (a). LRR composed of irregular particles, and the
long rod-like shape indicates the gypsum. The particle shape of GGBFS is also
irregular. On the other hand, grains of MK were stacked like cotton fiber. The SEM of
FNS is illustrated in Fig. 4 (d). The microscopic image showed that a smaller number
of irregular and high percentage of smaller size particles were combined uniformly.
The SEM of KA is displayed in Fig. 4 (f), and the particle size is disk-like and stacked

closely like cards.
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Fig. 3: Mineral composition of cement [85] and different SCMs: KA [26], MK [26], FNS

[68], FA [86], LRR [33], GGBFS [87]. (Combined only)
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Fig. 4: SEM image of (a) LRR [5], (b) Cement [88], (c) FA [88], (d) FNS [89],

() GGBFS [90], (f) KA [91], and (g) MK [92].

The TGA of the SCMs under consideration are plotted in Fig. 5. The TGA of different
SCMs also indicated the loss of ignition indirectly. The standard specification of TGA

of cementitious materials is stated in ASTM C1872 [93]. FNS had the highest mass

10



loss percentage, while metakaolin had the minimum. Karrech et al. [26] studied the
TGA of GGBFS and indicated that the total mass loss was approximately 2.76%. A
sharp reduction of mass occurred at 140°C. An approximately constant rate of mass
loss is due to the decomposition of CaCOs that occurred till 1000°C. The mass loss of
FA was approximately equal to GGBFS due to the burning of residual coal. Both FA
and GGBFS had high thermal persistence above 800°C. On the contrary, LRR and KA
had a different thermogravimetric behavior than GGBFS and FA. Both SCMs are
thermally stable till 450°C and later 450-1000°C, and the mass loss of KA was higher

than the LRR with respect to temperature.
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Fig. 5: TGA plot of some common SCMs: LRR [26], KA [26], GGBFS [26], FA [26],

Cement [93], FNS [94], and MK [95] (combined only)

The TGA of OPC showed an erratic behavior from 400-1000°C. The decomposition of
CaCOs occurred between, 400-600°C and insignificant mass loss was observed in
later stages. Besides, the TGA of FNS showed an anomalous decrease of mass from
220 to 550°C. Lastly, the TGA performance of MK showed the minimum mass loss as

it was previously thermally stabilized at 700-900°C from KA.
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3. Fresh and hardened properties

3.1Initial and final setting

Haigh et al. [15] designed two different strength concretes viz. 25 and 40 MPa with
25% LRR as a SCM and distinguished the setting times. The initial and final setting
times of 25 MPa designed concrete were 580 and 690 minutes, respectively, while the
25% FA concrete in the same concrete design, the initial and final setting times were
280 and 420 minutes. The 40 MPa designed concrete by 25% LRR produced the same
setting times and 78 and 64% higher than the control specimens. The setting time was
same, and it may be due to the change of the superplasticizer content. Later, Tan et
al. [10] used sulfoaluminate cement (SAC), disregarding OPC, and the setting times
were dramatically reduced. Also, with the increase in LRR contents, the setting time
is decreased. The findings of the study also supported by Tan et al. [24]. For 10% LRR
as a SCM the setting times were 8 and 10.5 minutes, while the control specimens had
8.7 and 11.35 minutes, in the same comparison. The authors explained two possible
reasons for the dramatic reduction of setting times. Firstly, SAC contains higher
corundum (36.46%) than the ordinary Portland cement (4.87%) [3, 10]. The dissolved
lithium salt in the LRR expediates the formation of AFt due to the use of SAC and the
induction period is often disappeared [96]. Secondly, the reduction of the particle size
acted as a nucleation site to induce the formation of AFt and hydration process. Munn
et al. [16] studied the setting times of calcined and non-calcined LRR concrete
samples compared with FA concretes. The setting times of 25% calcined LRR were
355 and 450 minutes, and the values were slightly lower than the FA and non-calcined
LRR rich concretes. Tan et al. [24] used 0.5-4% nano-LRR as a SCM in cement paste

specimens. The study showed that with the increase of nano LRR concentration, the

12



setting times were decreased rapidly. The settings times of 4% nano-LRR cement
paste were 16.34 and 21.93 minutes which were approximately 33 and 37% smaller

than the control specimen, respectively.
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Fig. 6: Initial setting time (IST) and final setting time (FST) with respect to different

lithium slag percentages by different researchers (combined and reproduced)

Fig. 6 illustrates the variation of setting times with respect to the LRR percentages.
The setting times below 20 minutes are governed by the binary combination of SAC
and nano-LRR in paste and mortar specimens. Lastly, the concrete samples had
higher setting times (290 to 690 minutes) in comparison to the paste and mortar.
Variation of the setting times was also dominant with the percentage of LRR content

in the cementitious system.
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3.2Hydration

Hydration is an essential factor concerning the setting times, pozzolanic activity, and
development of the strength of concrete. The isothermal calorimeter is used in the
determination of hydration heat and rate. The standard practice for measuring
hydration for a cementitious mixture is detailed in ASTM C1679 [97] and BS EN 196-
11 [98]. Apart from isothermal calorimetry, a few researchers explained the hydration
capability of LRR by using differential scanning calorimetry (DSC) [12, 13]. Tan et al.
[8] used 10 minutes of grinding of 20% and 50% LRR in the determination of hydration
heat rate (HHR) and total heat generation, and compared with 50% LRR (without
grinding). Itis seen that dry grinding increased the HHR. Again, 10 minutes dry grinded
20% LRR specimen had higher HHR till 12 hours than 50% LRR in the same
comparison. 20% LRR dry grinded for 10 minutes becomes more lenient and becomes
smaller than raw and 10 minutes grinded 50% LRR. Later, 0.4% sodium silicate (SS)
and aluminum silicate (AS) hydrate were added separately with 20% LRR (dry grinded
for 10 minutes) and compared with HHR results. Chemical conditioning initially
increased the HHR but, the exothermic rate dramatically decreased after elapsing 12-
hours. Tan et al. [10] compared the hydration rate of 2.5 and 10% LRR contained
cement paste. The study used SAC to reduce the setting times. In addition, raw LRR
was wet-grinded for 30-minutes to reduce the median particle size to 30.38 ym. The
HHR of 10% LRR contained paste sample was approximately 67 and 59% higher than
the control and 2.5% LRR specimens at 3 hours, respectively. While after elapsing 6-
hour, the HHR of 10% LRR was dramatically reduced in the same comparison. The
HHR peak shifts left when finer particles are used, and setting time is controlled by

special considerations.
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Tan et al. [14] examined the HHR of LRR by 120 minutes of wet grinding, which
reduced the dso from 24.6 to 0.30 pym. The study compared HHR of 1, 2, and 4%
micro-LRR contained samples with the control. The increasing percentage of micro-
LRR increased the HHR, and the elapsed time was reduced for the peak. The research
finding was similar to Tan et al. [10] in terms of peak shifting. From Fig. 7 it is seen
that hydration heat rates of WGLRR and nano-LRR are much higher than the rest of
the samples. Sulfoaluminate cement (SAC) was used to examine the hydration heat
rate of WGLRR and nano-LRR, whereas ordinary Portland cement was used in rest
of the samples. It was found that addition of SAC accelerates hydration exothermic
rate and advanced the appearing time of the peak by reducing the induction period
significantly. The hydration heat rate of SAC dramatically accelerated by the addition
of lithium salt, and the induction period almost vanishes [99]. Lithium salt develops
early aluminum-lithium salt in SAC hydration; thereby accelerating the formation of AFt
[99-101]. Thus, lithium ions in LRR dissolute into liquid phase where LRR plays an

effective role on accelerating the early hydration of SAC.

Wang et al. [29] studied the exothermic heat generation of 3, 5, and 8% sodium-tetra-
borate activated LRR samples. The study findings were deviated from Liu et al. [27],
and the hydration heat consistently decreased with the addition of sodium-tetra-borate
volume. Zhang et al. [20] also examined the hydration heat of 0.06 and 0.10% TIPA
added with 30% LRR as a SCM. HHR of TIPA samples had two sharp picks at
approximately 12 and 44 hours of the test. Interestingly, the 12 hours peak was
produced by 0.10% TIPA specimen, and the latter formed by 0.06% TIPA. Tan et al.
[24] compared the HHR of 2 and 4% nano-LRR with the control specimen. The study’s

findings were similar to Tan et al. [14] and Tan et al. [10] regarding shifting of HHR
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peak. Lastly, Zhai et al. [102] studied the hydration properties of 10, 30, and 50% LRR
as a pozzolanic material and compared it with the control. The study had a similar
finding with Tan et al. [8] study such that HHR reduces with LRR. The study considered

K-D hydration model [103, 104] for the experimental validation of the specimens.
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Fig. 7: Comparison of maximum LRR hydration heat rate (HHR) of various studies with

respect to elapsed time (combined only)

Fig. 7 shows the exothermic heat rate of diversely processed LRR with respect to
elapsed time. The figure is split into two parts to reduce the congestion of HHR data
in the same plot. The SAC and nano-LRR had the maximum value of HHR while LRR
conditioned with TIPA, and 120 minutes grinding were minimum among the plots. It is
also noticeable that the peaks of HHR obtained are within 20 hours domain, and after

that, the curve fattened down. The HHR of most of the specimens had one peak but,

16



there may have more than one peak. Such a system probably indicates the activation
of pozzolanic material to produce much AFt and C-S-H in the system. It was highly
noticeable that 30 minutes wet grinded LRR (WGLRR) had higher HHR than 120
minutes because of using SAC, the setting times of the system is reduced and thereby

abruptly increased the HHR.

3.3 Fresh density, slump, mortar flow, air content, and bleeding

Huang et al. [105] studied the fresh density of LRR aero mortar with FA as a ternary
combination. The study concluded that the fresh density of LRR aero mortar is low in
a combination of FA. The maximum density of LRR aero mortar was 918 kg/m?3 for
100% LRR, and the density is approximately 4% higher than the 100% FA mix. Zhang
and Wang [17] studied the ternary and quaternary combinations of LRR with GGBFS
and FA to prepare the concrete. The binary combination of 80% GGBFS + 20% LRR
had the maximum density 2532 kg/m? while 40% GGBFS + 40% FA + 20% LRR
yielded 2493 kg/m3. Haigh et al. [15] investigated the density of LRR concrete for 25
and 40 MPa mix designs and compared with FA and control specimens. 25% LRR as
partial replacement of cement slightly reduced the concrete density in both mixes with

respect to control and FA specimens.

Fig. 8 shows the variation of the slump with respect to LRR percentages from different
works of literature. Shi and Zhang [35] reported that at constant water-cement ratio
and superplasticizer content, the slump increased till 20% LRR content. The study
reported that the slump was 186 and 196 mm for control mix and 20% LRR content
specimen. When the LRR content exceeded 20% a sharp decrease of slump occurred.

Haigh et al. [15] designed 25 and 40 MPa concrete mixes with water-cement ratios

17



0.65 and 0.5, respectively, and the slump value remained unchanged. Variable
quantities of high range water reducing admixtures were used in different mix designs
to keep a constant slump. Wen [22] investigated the workability of 10% LRR concrete
with 10-40% lime power combinations. The increased amount of lime powder in the
mix also decreased the workability. Fu-fei et al. [19] investigated concrete slump for
0.27-0.35 water-cement ratios and a ternary combination of 25-65% OPC + 15-35%
LRR + 20-40% steel slag content. Slump values were not following a trend for LRR
contents or water-cement ratios. When the water-cement ratio increased from 0.27 to
0.30, the slump also increased. However, at a water-cement ratio of 0.35, the concrete
slump reduced. This may be due to the reduced amount of cement in the mix
proportion. The relation was inversely proportional at lower water-cement ratios and

higher water reducing agent content.

Later, Fu-fei et al. [106] studied the properties of HPC and showed that the slump
decreased with the increase of LRR content. The study findings were not like previous
studies [17, 22, 35]. The slump reduced approximately 6% for 30% LRR content at a
0.30 water-cement ratio. He et al. [23] reported a gross average 150-180 mm slump
for 10-30% LRR content as a pozzolanic material. Later, Munn et al. [23] compared
25% LRR (calcined and non-calcined) and FA content concrete. The study had similar
findings with Fu-fei et al. [106] and showed that 25% calcined and non-calcined LRR
reduced the slump by 4 and 12%, respectively, compared with 25% FA concrete.
Lastly, He et al. [11] studied 40-60% LRR content concrete and reported that the slump
value remained between 180-200 mm. He et al. [11, 23] studies concluded that the
workability reduces with the increase of LRR content in the mix. He et al. [4] studied

the flow of UHPC with a combination of 5-15% LRR and 5-20% SF content. The flow
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value was 180-200 mm for all combinations. Later, Li and Huang [12] considered the
minimum mortar flow method to find the maximum LRR content used for the cement
replacement. The study used 2-11% LRR as a SCM, and the flow varied from 172-
225 mm. As the LRR content increased the water demand in the slurry also increases.
Thus, mortar fluidity decreased, and the authors recommended to use a maximum of

11% LRR as a SCM in the mortar mix.
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Fig. 8: Slump versus LRR content in different literatures (combined and reproduced)

Haigh et al. [14] determined the air content of 25 and 40 MPa designed LRR concretes
and compared it with FA and control specimens. Both mix designs contained 25%
LRR. The air content of 25 and 40 MPa LRR concretes were 2.4 and 2%, respectively.
The LRR concrete air content was higher than the FA samples. The air content of
control specimens was 2.0% for both 25 and 40 MPa concrete mixes. Munn et al. [22]

showed that the air content of both calcined and non-calcined LRR reduced by 14%
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compared to FA concrete. The findings of Haigh et al. [14] and Munn et al. [22] were
directly opposite to one another. This was due to the water-cement ratio. Higher water-
cement ratio increases free water in the system and more air bubbles are available for
the generation. The water-cement ratio of Munn et al. and High et al. were 0.44 and
0.65, respectively. On the other hand, Haigh et al. [14] and Munn et al. [22] reported
that concrete bleeding was highly reduced with the incorporation of 25% LRR as a

partial replacement of cement compared to FA and control specimens.

The electrical conductivity of mortar specimens was followed by previous studies [107,
108]. Tan et al. [10] studied the electrical conductivity of wet grinded 2.5-10% wet
grinded LRR mortar specimens and reported that conductivity reduced with the
increase of the LRR content. The maximum conductivity of 10% LRR was 636 uS/cm
at 3.5 hours, and the reading was approximately 56% lower than the control specimen.
Tan et al. [14] compared the electrical conductivity of 4% micro-LRR with the control
specimen. The maximum conductivity of the 4% micro-LRR conductivity was 5783.3
puS/cm at 4.5 hours, while the value of the control specimen was 6799.5 uS/cm at 4
hours. Both studies had similar findings in terms of the reduction of conductivity, which
signifies dissolved ion concentration in the solution is decreased. The dissolved ion
combined to form hydration products like AFt and C-S-H gel. Tan et al. [10] studied
the variation of resistivity of 2.5-10% wet grinded LRR mortar for 24 hours and reported
the proportional relationship of resistivity and conductivity. Initially, the growth of
resistivity of the control specimen was slower than the LRR containing specimens, and
after an elapsed time of 8 hours, the resistivity of all LRR specimens became flat with
respect to time. The mortar containing 10% LRR had the lowest resistivity (48 Q.m),

and the value was approximately 28% less than that of the control specimen.
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4. Mechanical properties

4.1 Compressive strength

Li et al. [21] studied the 10, 20, and 40% cement replacement by LRR with 10% lime
powder to produce concrete. For a 10% substitution, the maximum strength activity
index (SAIl) was 121% at 28 days, and the maximum compressive strength was 139
MPa at 180 days. Haigh et al. [15] used 25% LRR as a SCM for 25 and 40 MPa
concrete mixes. The results indicated that pozzolanic activity of LRR remained
dormant till 28 days. The SAls of LRR concrete were 113% and 99% for two different
concrete mixes on 28 days test, respectively. Wen [22] studied a ternary combination
with limestone powder (10-40%) and LRR (10%). The 28- and 60-days compressive
strengths of ternary specimens decreased by 24-54% and 2.5-29%, respectively,
compared to the control specimens. Surprisingly, 3- and 7-days SAl of 10% limestone
+ 10% LRR as SCM were 131% and 118% compared to 10% LRR as a cement

replacement.

Later, Wu et al. [19] used 10-20% fly ash and 10-30% LRR combinations as partial
replacement of cement in concrete specimens. For 10% fly ash +10% LRR, the SAl
was slightly higher (1.0-3.6%) than 10% LRR on 3, 7, 28 and 90 days, respectively.
The SAIl for 20% fly ash + 30% LRR were approximately 100% in both 28- and 90-
days test in comparison to the control specimen. Tan et al. [8] found that the early age
and long term compressive strength depended on dry grinding time and the
percentages of LRR as a SCM. It is seen that dry grinding time had negative effects
on both early age and 28 days strength developments. The 28 days SAl for 50% LRR

with 10 minutes grinding gives 85% compared to the ungrounded sample. The study
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also used two different accelerators, viz. sodium and aluminum silicate with 20% LRR
as a SCM and considered 10 minutes grinded samples with a varying concentration
of 0.4-0.8%. For all concentrations, aluminum silicate induced a slightly higher
compressive strength than sodium silicate. He et al. [5] used 10-30% LRR in making
concrete specimens as a partial replacement of cement to investigate long-term
compressive strength. The research indicated that for a 20% cement replacement by
LRR, the compressive strength increased by 7.12% and 9.57% on 60- and 90-days
compressive strength, respectively, compared to the control specimen. He et al. [4]
studied the addition of LS and silica fume in the ultra-high strength concrete (UHSC)
as a ternary combination without coarse aggregate. The mix combinations were 0%
LS + 20% SF (control specimen), 5% LS + 15% SF, 10% LS + 10% SF, and 15% LS
+ 5% SF, respectively and 40 mm cubes were used for the determination of
mechanical properties. The study found that the 10% LS + 10% SF mix exhibited the
highest compressive strength at 28 and 90 days compared to the control specimen by

4% and 7%, respectively.

Research showed that 30- and 120-minutes wet grinding increased ion dissolution of
silicon, aluminum, and lithium concentrations from 21.84-134.4, 132.3-644.5, and
5.97-36.5 times, respectively [4, 14, 24]. Increased concentration of elements also
induces material amorphousness and pozzolanic activity. This enhances mortars’
early- and long-term strengths with a lower volume of LRR (0.5-10%) in cement mortar
compared to past studies. For a 30-minute wet grinding, 2.5, 5, and 10% LRR used
as SCM where the addition of 5% exhibited the highest strength (32.3 MPa) at 28 days
compared to the control [9]. However, the study did not explain why the mortar

compressive strength did not increase on the 28-days test compared to 7 days. A 120-
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minute wet grinding was used for the 0.5-4% LS wet condition addition as a SCM

which increases the SAl by 101-128% [14].

Lu et al. [109] used 3-50% industrial slag as a ternary combination with 3-30% LRR
as a partial replacement of cementitious material. The study showed that 12% LRR +
18% slag exhibited the highest compressive strengths which were 36 and 60.8 MPa
at 7 and 28 days, respectively. Munn et al. [16] used calcined and non-calcined LRR
as a partial replacement of cement. The study showed the comparison of 25% LRR
with 12.5% LRR + 12.5% FA. The highest 28-days compressive strengths of 25% non-
calcined LRR and 12.5% non-calcined LRR + 12.5% FA were 62.3 and 34.4 MPa,
respectively. The compressive strength of the ternary mixes reduced significantly while
Wu et al. [106] showed that 10% LRR + 10% FA yielded the highest strength in the
same comparison. This is probably due to the different origin, physical properties, and
chemical composition of LRR. Li et al. [3] compared wet curing with 80°C steam curing
mortars containing 20% cement replaced LRR. The compressive strength of the steam
cured samples was lower than the wet curing, which was due to the over-steaming of
mortar samples at 80°C. The steam cured LRR samples’ compressive strength was
35.6% less than the control at 720 days. Qin et al. [34] used Recycled Coarse

Aggregate (RCA) concrete by replacing cement with LRR for many combinations. For
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10% LRR with 50% RCA, the 28 days compressive strength reached 37.65 MPa, and

the SAI for such combination was 115.14%.
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Fig. 9: Maximum SAl by different researchers with respect to various cement

replacement percentages (combined and reproduced)

Later, Zhang et al. [20] used 0.03-0.10% TIPA with 30% LRR as a SCM to produce
paste samples. The compressive strength of the mix increased with the addition of
TIPA. For 0.10% TIPA, the highest compressive strength was 67.4 MPa at 60 days,
and the SAl was 118.7%. He et al. [11] used 40 and 60% LRR as SCM to prepare
concrete with crushed limestone as coarse aggregate. The study concludes that for

40% and 60% cement replacement, and SCM remains dormant until 180 days after
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casting. For 40% LRR, the compressive strength increased by 3.66% after 60 months.
Tan et al. [14] used 120-minute wet grinding to prepare micro-LRR mortars, and with
0.5-4.0% cement replacement, the SAl increased from 1.0 to 21.9% at 28 days

compressive strength test.

Li and Huang [12] prepared high strength mortars by a ternary combination with 10%
silica fume and 2-11% LRR. The study used a maximum 11% LRR by considering
mortar flow value of 170 mm as per Lu et al. [109], while ASTM C618 accepts a
minimum flow up to 110 mm [40]. It is shown that the increase in LRR contents
increases the compressive strength, and the maximum SAl was 99% (112.2 MPa) for
11% cement replacement. Li et al. [13] made a similar study to prepare white Portland
cement mortar with 2.5-10% LRR as a pozzolanic material. The maximum

compressive strength was 48 MPa, and the SAl was 171% at 28 days.

The scatter plot of Fig. 9 illustrates the maximum SAl of 3-, 7-, 28- 56-, 60- and 90-
days compressive strength for the suggested combination by different researchers
concerning various cement replacement. the lower data concentration on 56, 60 and
90 days showed a little drop of SAI which indicates that the rate of gain of strength of
LRR-cement composites become slower in later ages (56, 60 and 90 days). This
phenomenon is very common for cement concrete specimens. Early strength gaining
depends on the C3A and C4AF content. Normally, the reactants C2S and C3S
remains active after 28 days of hydration which slowly accelerate the hydration
reaction. Neville (2012) showed that the strength development of OPC Type -1 with

0.49 w/c is less than 10% from 28 days to 1 year [110]. The horizontal dash line at
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75% SAl indicates the ASTM C618 [40] complaint about pozzolanic material and most

of the SAls of different researchers have passed above the code provision.

4.2Tensile strength, flexural strength, and elastic modulus

Fig. 10 demonstrates the variation of splitting tensile strength with respect to LRR
percentage by different researchers [34, 35, 106]. Shi and Zhang [35] used 15-45%
LRR as a SCM to prepare high-performance concrete. The study showed that the
reduction of splitting tensile strength increased with the cement replacement by LRR
at 7 and 14 days. The maximum tensile strength was 6.00 MPa and 6.5 MPa at 7 and
14 days, respectively, and the values were 3.45% and 4.84% higher than that of the
control mix. Later, Fu-fei et al. [106] used binary and ternary (10-20% FA) combination
with 10-30% LRR to determine the 28-days splitting tensile strength. LRR content of
10% in the binary combination yielded 5.6 MPa, and this was the highest splitting
tensile strength. On the other hand, 10% LRR + 10% FA ternary combination samples
were approximately 9% higher than the binary sample with maximum tensile strength.
Lastly, Qin et al. [34] utilized 10-100% RCA with 10-25% LRR to obtain the split tensile
strength of 25 specimens. The maximum tensile strength was 5.04 MPa for 70% RCA
+ 15% LRR, and the value was 57.5% higher than the control specimen. Shi and
Zhang [35] and Fu-fei et al. [106] found the maximum splitting tensile strength for 10%
LRR as a partial replacement of cement while, Qin et al. [34] recommended 15%
addition of LRR. Though fu-fei et al. [106] used LRR with FA, the result of maximum
splitting tensile strength was analogous with Shi and Zhang’s findings for binary
combination. Apart from these two studies, coarse aggregate replacement by RCA

gave a slightly higher use of LRR as a cement replacement.
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Fig. 10: Variation of splitting tensile strength with respect to LRR content in concrete

samples by different researchers (combined and reproduced)

Wen [22] also studied the flexural strength of the green concrete mixed with 10% LRR
and 10-40% LP. The author recommended using less than 20% LP. Though 20% LP
exhibited the highest flexural strength at 28 days (11 MPa) in their group (10-40% LP),
the samples without LP had the maximum value (11.1 MPa). The results suggested
using moderate amount of LP with LRR to achieve higher flexural strengths of
concrete. Fig. 11 demonstrates the maximum flexural strength of concrete with respect

to different percentages of LRR on 28 days.
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Fig. 11: Graphical representation of maximum flexural strength versus different
dosage of LRR content in paste, mortar, and concrete specimens by different

researchers (combined and reproduced)

Later, Tan et al. [8] investigated four different combinations in preparing cement paste
samples by dry grinding viz. 10-40% LRR + 10 minute grinding (Group I), 50% LRR +
0-20 minute grinding (Group Il), 20% LRR + 10 minute grinding + 0.4-0.8% sodium
silicate (Group Ill), and , 20% LRR + 10 minute grinding + 0.4-0.8% aluminum sulfate
(Group 1V). The median particle size was 14.97, 11.92, 10.85, 9.37, and 8.45 um for
0, 5, 10, 15, and 20 minutes grinding. The study had shown that the early flexural
strength development of 50% LRR cement paste is the slowest while, with aluminum
sulfate the process is very rapid. The maximum 28-days flexural strength developed
by the groups |, II, lll, and IV were 10 (30% LRR), 9.2 (10 minutes), 10 (0.8% sodium

silicate), and 10.3 (0.4% aluminum silicate) MPa, respectively.
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Li et al. [3] studied flexural strength of 20% LRR and control cement mortar at wet
curing and steam curing conditions. As discussed earlier, the study considered high
steaming temperature, which diminished early age and long-term strength
developments. The flexural strength of 20% LRR at 7 hours steam curing was
decreased by 12.2% with respect to wet cured samples on 28 days test. Besides, the
flexural strength of the steam cured control specimen was decreased by 7.8% in the
same comparison. After that, Qin et al. [34] studied the effect of 0-100% RCA with 0-
25% LRR, and the combinations can be divided into five different categories, viz. 0%
RCA (Class A), 30% RCA (Class B), 50% RCA (Class C), 70% RCA (Class D), and
100% RCA (Class E). Surprisingly, the maximum flexural strength was yield by 20%
LRR in all classes, and the values were 42.3, 17.8, 33, 46.1, and 35.2% higher than
the control specimens of their respective classes on the 28-days test. The study
concluded that strength development is slower for the higher replacement of LRR in
concrete samples. Later, Li and Huang [12] studied the flexural properties of the high
strength mortar with a ternary combination of 10% SF and 2-11% LRR. The LRR
content of 8% produced flexural strength of 27.2 MPa on 28 days which was the
highest among all combinations. The flexural strength increased with the increase of
LRR content in the mortar, and the study recommends the content should be less than

8% to have optimum flexural strength.
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Fig. 12: Combined result of elastic modulus of different researchers with respect to

LRR percentage (combined and reproduced)

Fig. 12 shows the variation of elastic modulus (Ec) to square root of 28 days
compressive strength (f;) with respect to the LRR percentage. He et al. [5] reported
that the performance of LRR in concrete was decreased at an early age, and the
elastic modulus was decreased from 33.23 to 28 GPa for the 30% cement replacement
at 7 days test. Surprisingly, the elastic modulus of the LRR specimens increased
consistently in 28-, 60- and 90 days tests due to the pozzolanic activity. The maximum
elastic modulus was 38.69 GPa for 20% LRR content on 90 days test, and the study

recommends using 20% LRR as a pozzolanic material. Later, Qin et al. [34] used 0O-
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100% RCA with 0-25% LRR as a SCM to generate green concrete. It is clear from the
figure that 20% LRR exhibited optimum elastic modulus at 28 days test. In both
studies, when the LRR content increased by more than 20% the elastic modulus

dropped rapidly regardless of the age.

4.3 Wear loss and impact resistance

Qi et al. [9] used 10-30% LRR as a SCM to study the wear loss of the concrete
specimens following JTG E30 [111] highway engineering and cement concrete testing
standard at 28 days. The study recommends using less than 20% LRR to have
minimum wear loss (3.4 kg/m?), and the value is approximately 43.33% less than that
of the control specimen. Similarly, Li and Huang [12] studied the wear loss with respect
to 2-11% cement replacement by LRR to produce high strength mortar specimens
(150 x 150 x 150 mm3) with similar code provision. The study shows that for 11% LRR,
the wear loss was 0.82 kg/m?, which was approximately 44.6% less than the control
specimen. Both studies had similar findings with respect to the use of the LRR as a
partial replacement of cement. The study assumed that the use of LRR in resisting
wear loss is dependent on specimen size and LRR percentage. Li and Huang [12] also
investigated the impact resistance of the mortar specimens by dropping 5.2 kg weight
with a fall height 1m after 28 days of curing. The study showed that with the increase
of LRR content in mortar, the impact resistance increases and more than 5% LRR as
a SCM reduced the impact resistance. For 5% LRR as a partial replacement of
cement, the 5.2 kg drop-weight frequency was seven from one meter height and the

value was 40% higher than the control.
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5. Durability properties

5.1 Alkali silica reaction (ASR), chloride migration, and sulfate attack

Munn et al. [16] carried out ASR assessment as per AS1141.60.1 [112]. The standard
sample size was 25 mm x 25 mm x 285 mm, and the prepared samples were soaked
in 1M NaOH solution at 80°C. The mixes used reactive aggregate, and the
cementitious component variables were general-purpose (GP) cement as control
specimen, GP cement + FA, GP cement + calcined LRR, and GP cement + non-
calcined LRR. Calcined LRR mortar bar expanded 0.05 and 0.14% on 10-and 21-days
test while non-calcined expanded 0.10% and 0.39% in the same comparison. Besides,
calcined LRR extended 3.96% and 11.76% more than the FA specimens on the test
days specified above. The study on ASR by using LRR also showed compliance with

ASTM C1567 [113].

Qi et al. [9] replaced 10-30% cement with LRR to examine the concrete chloride
penetration for 6 hours as per GB/T 50082 [114]. The study showed that with the
increase of LRR content, the electric flux of the concrete reduced. The minimum value
was 1333 coulomb for 30% LRR content which is approximately 43% lower than the
control specimen. Later, Li and Huang [12] used 2-11% LRR as a pozzolanic material
to prepare high strength mortar by using white Portland cement with similar code
provision. The research recommended 8% LRR as the optimum pozzolanic material
regarding chloride migration result on a 6-hour test. For the addition of 8% LRR, the
chloride migration reduced approximately 22% than the control specimen. Fu-fei et al.
[19] explained the effect of the water-cement ratio on chloride ion diffusion coefficient

(CIDC) at 28 and 84 days. The research concluded that the increase of CIDC was in
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proportion to the water-cement ratio. The findings of this research were similar with
the studies of Qi et al. [9] and Li and Huang [12] in terms that the addition of LRR
reduced chloride penetration at a higher water-cement ratio. The minimum CDIC was
1.77 x 10'2 m?/sec on 28 days for a 0.27 water-cement ratio, and the value was 33%
smaller than the control specimen (water-cement ratio 0.27). In addition, the CDIC
slightly reduced on the 84" day due to the formation of primary and secondary
hydration products. The study also explained that the ITZ of the samples became

dense in the latter days, which reduced the chloride ion penetration.

Li et al. [3] studied wet cured and steam cured 20% LRR mortar samples by partial
immersion in 99% pure sodium sulfate solution for 720 days. The study used 40 mm
x 40 mm x 160 mm sample size, and the maximum mass change was 4%, found for
steam cured LRR samples. The mass change was 2.67 times higher than the control
sample. The adverse effect of steam curing at 80°C for 7 hours decreased the
formation of AFt and AFm, since overheating induced sulfate attack to give higher
mass change. The upper and lower parts of the partially immersed samples analyzed

in XRD, and thenardite (efflorescence) traces were found in both regions.

5.2Shrinkage and creep

Several researchers worked on the shrinkage and creep of lithium slag concrete.
Haigh et al. [15] had 25 and 40 MPa grades concrete to use 25% LRR as a pozzolanic
material. The study showed that 25 MPa LRR concrete had 26.5% higher shrinkage
than the FA concrete and 2.3% lower than the control at 56 days. In addition, the 40
MPa LRR concrete had the same shrinkage value as FA concrete and 12% lower than

the control specimen in the same comparison. He et al. [23] showed that the increase
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of LRR in concrete reduces the shrinkage but, a percentage beyond 30% increases
the shrinkage in all ages. For 30% LRR as a SCM, the 28- and 90-days shrinkage
were approximately 30 and 27% less than the control specimen, respectively. Also,
He et al. [5] and Qi et al. [9] used 10-30% replacement of cement by LRR, and the
studies recommended using 20% and 30% LRR, respectively. He et al. [5] showed
that 20% LRR reduced the shrinkage by 42 and 27% approximately at 28 and 180
days tests, respectively. On the contrary, Qi et al. [9] indicated that LRR decreased
shrinkage strain and an addition of 30% LRR slumped the shrinkage by 37 and 24%
at 28 and 180 days, respectively. Though He et al. [5] and Qi et al. [9] had similar
mixes, the recommendation of optimum LRR percentages differed. This may be
because of the variation in coarse aggregate types, LRR specific surface areas and
mix ratios. Munn et al. [16] studied the binary and ternary mixes of calcined and non-
calcined LRR with FA. The investigation reported that the calcined ternary mixes
performed better in controlling shrinkage strain than the non-calcined specimens,
while non-calcined binary mixes performed well than the calcined. Though 12.5% LRR
and 12.5% FA is the optimized content, the shrinkage value was 9.3 and 4.3% higher

than the 25% FA (control) specimen in the 28- and 56-days tests.

Lastly, Li and Huang [12] replaced 2-11% cement with LRR to prepare high strength
mortar samples as per Chinese standard JGJ/T70-2009 [115]. Aforementioned, the
study found a similar behavior of LRR in the reduction of shrinkage. The authors
explained that as a permeable material, the LRR pore retained free water, which
enhanced the water retention of the mortar, and decreased the water vaporization,
efficiently lowering its shrinkage. The best composition was at 11% LRR as a SCM.

The experimentation reported that 11% LRR slashed shrinkage by a factor of 0.83 and
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0.76 in 28- and 56-days test, respectively. Fig. 13 shows the data plot of shrinkage of
various studies on 28 days with respect to LRR percentage. The horizontal dash line
indicates the AS 3972 complaint where allowable shrinkage was restricted to 600
micro-strain (p€) and all the shrinkage data from different researchers are below of the

maximum permissible value.
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Fig. 13: Data plot of control, maximum and minimum shrinkage with respect to LRR

percentage by different researchers (combined and reproduced)

He et al. [5] studied the variation of creep deflection and calculated the creep
coefficient of concrete prepared by 10-30% LRR as a SCM. The sample size was 100
x 100 x 300 mm?3, and the dead load was 25% of the 7 days compressive strength.
The study also added that 7 days compressive strength was used because, new
construction can be started after 7 days instead of 28 days of curing. The minimum

creep was found for 20% LRR as a SCM, which was 30% and 29% less than the

35



control on the 90- and 180-days. The most negligible creep coefficient reported as

1.31 and 1.38 on 90- and 180-days test.

5.3 Sorptivity, carbonation, and water loss

Munn et al. [16] studied the sorptivity of three different types of LRR samples viz. wet,
bagged and waxed. The tested sample size was 50 x 50 x 100 mm? and kept at 50°C
for 7 days with relative humidity of 50-70%. Non-calcined LRR samples performed
better in resisting sorptivity than the FA and calcined samples. The sorptivity values of
concrete of 25% wet, bagged, and waxed non-calcined LRR were approximately 18,
17, and 25% less than those of the corresponding concrete samples using calcined
LRR. All the samples complied with the ASTM C1585 [113] standard, and the water

penetration was well below 25 mm.

Qi et al. [9] determined carbonation depth of 10-30% LRR concrete samples following
GB/T 50082 [114] standard. The study showed that increasing LRR content poorly
performed in resisting carbonation. The carbonation depth recorded on 3, 7, 14, and
28 days. The minimum and maximum carbonation depth were 5.2 and 10.99 mm at
28 days. The study explained the abrupt increase in carbonation, which was due to
reducing the cementitious material into the system. Also, the alkalinity and the
neutralization resistance slumped in the progression of COz infiltration onto the surface

of the concrete.

Water retention is one of the direct parameters characterizing internal moisture
migration of cement-based materials, which has a direct relationship with drying

shrinkage of concrete. He et al. [23] studied the water loss of the 15-45% LRR content
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concrete samples in reference to Bian et al. [116] and Xinwu [117] studies. The study
considered 40 mm x 40 mm x 160 mm sized samples with a water evaporation rate of
2~3.4 g/hour. The study concluded that 30% LRR as a SCM had a minimum water
loss, and the value was 46% smaller than the control specimen on 360 days. It is also
seen that with the increase of LRR content up to 30%, the water loss reduced
periodically but, at 45% LRR content as a pozzolanic material, the value abruptly
increased to 170 grams, while for control specimen the water loss was 150 grams.
This was due to the excessive volume of the LRR content that could not hydrate due
to lack of binding material and absorbed water in the unhydrated region. Tan et al. [14]
represented weight loss of the 4% micro-LRR cement paste on 16, 24 hours, and 28
days. The sample size was 40 x 40 x 40 mm3, and the specified temperature was 50-
200°C. The weight loss of the 4% micro-LRR increased by 39, 19, and 26% on the
above specified days with respect to the control specimens. The test on non-
evaporable water has a dominant significance over hydration characteristics of LRR.
Thus, He et al. [11] determined the non-evaporable water of 40 and 60% LRR content
concrete samples at 7, 28, 90 and 180 days. The sample size was 40 x 40 x 40 mm3,
and after employing 105°C the samples were ground and passed through 80 pym sieve.
Later the samples were heated at 1000°C, and the difference of the weight from
1000°C and 105°C recorded. The highest non-evaporable water was found for 40%
LRR content samples at 180 days, and the value was slightly higher (2.4%) than the

control sample.
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6. Microstructural properties

6.1 XRD

The XRD of the hardened LRR mortar products are qualitatively analyzed and
graphically depicted in Fig. 14. Karrech et al. [26] studied the use of LS and explained
the differences of 29-30° peak in the XRD test is the measure of the degree of C-S-H
formation in hardened samples. Zhang et al. [20] explained that the differences of the
peak at 9-9.25°, 10.6-10.8°, and 9.75-10.9° would determine AFt, hemicarbonate (HC),
and monosulfoaluminate (MS), respectively. Li et al. [3] rigorously studied the
hardened products of the LRR mortar through XRD analysis, as shown in Fig. 14 (a).
It is seen that the 28 days cured control specimen formed a lower amount of AFt than
the 20% LRR sample but produced a higher amount of C-S-H gel in the same
comparison. The C-S-H gels are much stronger than the AFt; thus, the compressive
strength of the control specimen was approximately 10% higher than the 20% LRR
sample at 28 days. After 720 days of wet curing, the 20% LRR mortar produced a
higher amount of AFt and C-S-H gel than 28 days of curing. The pozzolanic activity of
LRR was activated at later days and consumed more portlandite to form AFm and
N(C)-A-S-H gels. Besides, lithium alumino-silicon oxide reacted with cement
compounds (like C3S and C2S) and decreased with respect to time. As a result, the
compressive and flexural strengths of the 20% LRR mortar sample were
approximately 8% and 29% higher than that of the control specimen at 720 days

curing.

Li et al. [3] also investigated the XRD of the upper and lower portions of the mortar

specimens in 5% (by weight) sodium sulfate solution at 720 days, as shown in Fig. 14
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(b). The specimens were 40 x 40 x 160 mm? and partially immersed in 110 mm under
22 + 2 °C and 55 + 5% RH. It is evident from the figure that the upper portion of the
hardened control specimen produced a higher amount of thenardite than the 20% LRR
mortar specimen. The upper portion of the LRR sample also produced a smaller AFt
and C-S-H gel than the control. The authors explained that the upper portion was much
affected as exposed to physical and sulfate environments than the immersed portion.
However, samples containing LRR were less affected by thenardite but produced less
hydration products than the control specimen in the sulphate-rich environment. On the
other hand, the immersed portion of LRR samples left with unreacted portlandite,
albite, and quartz. Though the upper portion of the control samples consumed a higher
amount of portlandite than the immersed part, the upper portion had less efflorescence
resistive to combined environmental exposures. Likewise, the LRR contained sample
had similar behavior in the upper portion of sulfate exposure environment. Overall,
from the XRD test result, it is evident that the LRR sample performed better than the
control sample. The XRD result also matches the mass change in the mortars under
a partially immersed sulfate solution. The LRR mortar had the minimum change in
mass and length than the control specimen. Therefore, LRR concrete products are

less susceptible to sulfate environments than conventional concrete.
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Fig. 14: XRD of (a) 20% LRR mortar samples at 28- and 720-days and control mortar
samples at 28 days normal curing [3], (b) upper and immersed portion of the
samples in 5% (by weight) sodium sulfate solution at 720 days [3], and (c) 10% LRR

(30 minutes wet grinding) and 4% micro-LRR (120 minutes wet grinding) at 28 days

curing [10, 14] (combined from discreate diagrams)

Tan et al. [10, 14] studied the XRDs of 4% (120 minutes wet grinded) and 10% (30
minutes wet grinded) LRR mortar specimens, and the data are compared with the
control specimen at 28 days normal hydration. The hydration products like AFt and C-
S-H of the 4% micro-LRR mortar samples were much higher than the control specimen
(See Fig. 16¢). The LRR contained samples also consumed much portlandite than the

control sample. Likewise, 10% wet grinded LRR mortar samples had higher hydration
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products than the control specimen. On the contrary, 10% wet grinded LRR and
control specimens had different XRD peak in the region 20-25° than the 4% micro-
LRR and its control specimen. This is probably due to the size effect of the LRR, as
120 minutes wet grinded LRR was much amorphous and pozzolanic reactive.
consequently, micro-LRR hydrated C4AsS to form higher amount of AFt and C-A-S-H

gels distributed in different XRD regions [118, 119].

6.2SEM

Detailed comparisons of SEM images of specimens containing LRR from different
literatures are depicted in Fig. 15. He et al. [5] compared the microstructural images
of 10-30% LRR contained concrete specimens on 7 and 90 days hydration. In this
study, the SEM images of 20% LRR specimen on the specified days are shown in Fig.
15 (a) and (b). The seven-day microstructure seemed weak as it was highly porous
with discrete unhydrated LRR particles and lower C-S-H products. On the other hand,
the 90 days hydrated product showed a compact mass with no visible pores (Fig. 15b).
The unhydrated LRR reacted with albite and belite minerals to produce higher fibrous
AFtand C-S-H gels. Besides, microcracks were also visible in the interface C-S-H and
AFt. This SEM image characterization also supports the compressive strength
development of the LRR inside concrete products. The strength development rate of
20% LRR specimen was 1, 0.335 and 0.42 MPa/day from 7~28, 28~56, and 7~90
days of hydration. The control specimen had 0.51, 0.19, and 0.22 MPa/day in the same

comparison.

He et al. [4] investigated the microstructure of the UHPC containing 5-20% SF and 0O-

15% LRR. In this survey, only the SEM images of 20% SF (control) and 10% LRR +
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10% SF specimens were compared at 28 days of hydration and are depicted in Fig.
15 (c) and (d), respectively. The control specimen’s SEM image showed a compact
microstructure but with some voids. Also, the development of AFt in the control
specimen is less than the LRR contained specimen. Fig. 15 (d) clearly showed the
development of AFt from the cement unhydrated particles. Besides, 10% SF + 10%
LRR sample was highly compacted with no visible voids and produced a higher
amount of fibrous 1-3.5 ym AFt, which led to the development of early compressive
strength at 146 MPa at 28 days curing. In addition, the LRR contained sample had
minor micro-cracks, a high volume of C-S-H gel and a lower amount of unhydrated
cement/LRR minerals. Compared with the control specimen, the compressive strength
of LRR contained specimen was only 5 and 10 MPa higher on 28 and 90 days,

respectively.

Zhang et al. [19] compared the microstructural images of the 30% LRR and 30% LRR
+ 0.06% TIPA (Fig. 15e-f). TIPA as a conditioner easily combines with ferric oxide and
aluminum phase of cementitious material and gave higher hydration products like C-
S-H and N(C)-A-S-H gels earlier than conventional concrete production [116-118].
TIPA accelerates the setting time, hydration reaction, pozzolanic reaction, and phase
dissolution of the SCMs [119]. The compactness of the 30% LRR contained samples
was less and contained a large pore size than the TIPA contained one. Though LRR
increases the AFt and C-S-H formation, TIPA made the microstructure flawless. The
microcracks in the TIPA samples were less due to the accelerated hydration of the
SCM and cement. This also supports the compressive strength at 60 days, where

TIPA contained sample had a 7.8% higher strength than the control. The hydration
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heat generated by the 30% LRR+ 0.06% TIPA sample was 192.2 J/g, while the control

specimen yielded 113.95 J/g.

(e) (f)
Fig. 15: Comparison of the SEM images: 20% LRR samples on (a) 7 and (b) 90 days

hydration [5]; UHPC containing (c) 20% SF (control) and (d) 10% LRR + 10% SF on
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28 days curing [4]; mortar containing (e) 30% LRR and (f) 30% LRR + 0.06% TIPA

on 60 days curing [20]

6.3MIP, TGA, nanoindentation, NMR and FT-IR

Fig. 16 shows the variation of the total volume of the void with respect to the LRR
amount in concrete specimens. Haigh et al. [15] measured the volume of total voids in
control, and 25% LRR contained concrete (designed for 25 and 40 MPa). In both
cases, LRR reduced the volume of voids slightly. Later, He et al. [5] compared the
pore distribution of the concrete containing 10-30% LRR as SCM on 7 and 90 days.
On seven days test, 20% LRR contained sample was 114.4% higher than the control
specimen. Surprisingly, the same sample’s total pore volume was reduced by 6.75%
in the same comparison on 90 days test. Again, He et al. [4] compared the total pore
volume of 5-20% SF (control) and 0-15% LRR samples on 3 and 28 days. The test
result was similar with He et al. [5] such that, the early age pore volume of the LRR
sample was higher than the control and later reduced due to the pozzolanic activity of

LRR.

Tan et al. [10] studied the pore size distribution of 2.5% wet grinded LRR containing
mortar samples at 1 and 7 days compared with the control specimen. The LRR
contained samples slightly reduced the mortar sample's pore volume compared to the
control on both test days. Li et al. [3] investigated the total pore volume of control, and
20% LRR contained mortar specimens under both wet curing and steam curing at 28
days. The concrete containing LRR reduced the total void by approximately 8%
compared to the control specimen. Surprisingly, over steaming increased the pore

volume by 4.24% in the same comparison. Over steaming (at 80°C for 7 hours)
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decomposed the AFt and C-S-H, and as a result, the pore volume increased at an
early stage and could not recover after further hydration. Next, Tan et al. [14]
compared the MIP of control and 4% micro-LRR paste specimens on 1 and 28 days.
The study result was anomalous with other preceding studies. 4% micro-LRR
increased the total pore volume by 8% in comparison to the control on 28 days test.
Conversely, the total pore volume of the LRR contained specimen at 24 hours was
6.31% lower than the control specimen. Lastly, Zhang et al. [20] compared the total
voids of 30% LRR (control) and 30% LRR+ 0.06% TIPA samples on 7, 28, and 60
days. LRR and TIPA contained samples that reduced the pore volume consistently
with respect to hydration time. 30% LRR + 0.06% TIPA reduced total void by 9.6%,

2.8%, and 1.6% on 7, 28, and 60 days with respect to control specimen.

X Haigh et al. (2013), 28 day AHe et al. (2017), 7d
OHe et al. (2017), 90d OHe et al. (2018), 5-20% SF, 3d
XHe et al. (2018), 5-20% SF, 28d OTan et al. (2018), 1d
OTan etal. (2018), 7d Li et al. (2019), 28d
XLi et al. (2019), heat curing OTan et al. (2020), 1d
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Fig. 16: Semi-logarithmic plot of total volume of void versus LRR percentages in

concrete products from different literatures (combined and reproduced)
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Fig. 17: Distribution of gel pores, capillary pores, and air voids in control and LRR

products from different literatures (analyzed, combined, and reproduced)

He et al. [3] categorized the total pore volume into three domains viz. gel pores (<10
nm), capillary pores (10 nm — 10 ym), and air voids (>10 pm). This categorization helps
to understand the SCM materials’ pozzolanic activity in developing the microstructure
state of different products. The MIP curves from different works of literatures were
analyzed in the spreadsheet and categorized into three parts as described above and
plotted in Fig. 17. He et al. [5] reported that the coupling effect of LRR and pozzolanic

activity generates additional AFt and C-S-H, and this help to reduce the large voids in
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the long term hydration of the concrete specimens. It is seen from Fig. 17 that LRR is
unable to increase the gel pores at an early stage but can increase it by coupled effect.
The gel pores are essential, and the bound water inside the gel pores is valuable for
further hydration by reducing the capillary and air voids. This further hydration reduces
the capillary pores and thereby enhances the mechanical and durability properties.
Moreover, changing air voids in LRR products is uncertain and depends on the
compaction and mix ratios. Also, steam curing of the LRR products disproportionately
increased the gel pores [3]. The air voids keep increasing due to the addition of the
LRR in both early and 28 days of age. The mass loss of LRR products from TGA data

are analyzed and tabulated in Table 1.

Table 1: Mass loss of LRR products from TGA curve obtained from different

literatures at 28 days (analyzed, combined, and reproduced)

Authors LRR Mass loss (%)

(%) 50-200°C | 400-500°C | 500-1000°C
Li et al. (2019) 20 4.08 1.93 1.51
Li et al. (2019), 7h steam curing | 20 1.84 2.65 1.84
Li and Huang (2020) 0 4.47 0.78 -

11 2.53 0.86 -
Tan et al. (2020) 0 7.4 14.9 2.05

4 9.2 13.5 2.14
Zhang et al. (2020), 0.06% TIPA |0 8.65 2.3 -

30 8.99 2.25 -
He et al. (2020) 0 13 4.5 10.3
He et al. (2020), 6% NaOH 24 12.89 2.2 1.6

Li et al. [3] compared the TGA test of normal and heat cured 20% LRR contained
mortar. It is seen that 7-hours 80°C steam cured mortar had less mass loss than the
normal one. This signifies that the formation of AFt and C-S-H in the steam cured

sample was less than that of normally cured. The higher steaming temperature
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decomposed AFt and C-S-H products. Besides, the mass loss of steam cured samples
at 400-500°C was higher than normal. Though the portlandite consumption was
higher, and the higher loss of initial hydration products led to inconsistent strength
development. Li and Huang [12] performed TGA tests, and the results were analogous
to Li et al. [3]. The 11% LRR contained mortar samples had higher portlandite
consumption but lowered initial hydration products. Tan et al. [14] compared the TGA
of 4% micro-LRR with the control specimen. The test data showed that LRR samples
had lesser initial hydration products and portlandite consumption than the control
specimen. Zhang et al. [20] compared the TGA of 30% LRR (control) and 30% LRR +
0.06% TIPA contained mortar specimens. The TGA results of the specimens were
similar to Tan et al. [14]. Lastly, He et al. [25] determined the mass loss of the control
and 24% LRR + 6% NaOH contained specimens. The initial hydration products and
portlandite consumption of the LRR contained sample was less than that of the control.
Thus, the 28 days unconfined compressive strength of the LRR contained backfill

specimen was 3.3% less in comparison with the control specimen.

He et al. [4, 36] studied the nanoindentation properties of the LRR contained samples,
and some significant outcomes are detailed in this study. He et al. [36] detailed the
procedure of the nanoindentation test. In a nutshell, the sample is primarily to be
intercepted and then cut into small pieces. Later, the small pieces are to be embedded
in epoxy resin in a vacuum. This process is followed by grinding and polishing with a
confirmation of low surface roughness. Finally, the sample is cleaned in an ultrasonic
bath to be examined under the indenter. The nanoindentation test data provides the
force-intrusion diagram that explains the porosity, ITZ elastic modulus and hardness.

The elastic modulus of the porosity and unreacted cement particles are less than 14
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GPa and more than 50 GPa, respectively. The ITZ can be classified into three
categories viz. low density (LD), high density (HD), and ultra-high density (UHD) C-S-
H, respectively. The LD, HD, and UHD C-S-H elastic modulus are 14-24 GPa, 24-35
GPa, and 35-50 GPa. The LRR contained samples that had higher porosity than the
control in both studies. The UHPC formed higher amount of LD, HD, and UHD C-S-H
gels than the control specimen, and surprisingly, normal concrete does not form UHD
C-S-H. The percentage of the unhydrated particles were 34.8% less than the control
specimen [4]. The 20% LRR contained samples reduced LD C-S-H by 18% and
increased HD C-S-H by 55.7% compared to the control specimen [36]. The elastic
modulus of the ITZ in standard concrete was 19 GPa, and that for LRR contained
specimen was 22.3 GPa [36]. In addition, the ITZ elastic modulus of the control UHSC

was 36 GPa, and that of the LRR contained sample was 40 GPa [4].

Some studies covered the NMR property of LRR products to understand the formation
of Q% Q', Q3(0AIl) and Q%(1Al) etc. Tan et al. [14] performed NMR at curing age 16
hours, 24 hours, and 28 days. The study found that Q', Q%(0Al), and Q3(1Al) increased
with increased hydration and Q° decreased in the same comparison. At 16 hours
elapsed time, Q%(0Al) and Q?(1Al) had not formed, and Q° shared more than 95% of
the formed product. Zhang et al. [20] performed NMR by using 30% LRR +0.06% TIPA
and tabulated the formation of Si and Al transformation in making C-S-H and C-A-S-
H. The study findings were similar to Tan et al. [14]. TIPA expediated the formation of
Q', Q%(0Al), and Q3(1Al) and significantly reduced the formation of Q3+Q* with the
increase of curing days. The aluminum to silicon ratio also continued to increase in the
same comparison. Besides, Li et al. [13] measured the FT-IR spectra of 0-5% LRR

contained mortar and generated H-O-H vibration at 1422-1462 cm-', [SiO]4 at 880 to
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931 cm™, and C3A at 745 cm™'. The peaks of the vibrations in the above-mentioned

specified regions increased with the increase of LRR percentage.

7. Conclusion and future work

This paper presents a comprehensive review of particle size, morphology,

microstructure and chemical composition of lithium refinery residue, various plastic

state properties, harden state mechanical and durability properties of cement

concretes containing lithium refinery residue as partial replacement of cement. The

following conclusions are derived from the above review:

1.

The physical properties of LRR are highly suitable for the use as a pozzolanic
material. The composition, particle size, and fineness are essential for the early
activation of a product. The catalytic behavior is highly dependent upon the
oxide compositions (ASTM C618) and amorphousness. The improved

production process can ensure the bulk reuse of LRR in construction products.

. LRR contains lower lime content, and thus it restricts the higher replacement of

the cementitious material in the matrix. The setting times, slump, and
exothermic hydration heat generation rate were highly affected but, TIPA,
sodium tetraborate, and SAC can enhance the fresh properties. The specific
hydration models for the LRR paste have not carried out. Besides, a proper mix
design is required to use the LRR in concrete products conveniently.

The variation of the mechanical properties of the LRR construction products
like paste, mortar, concrete, geopolymer, and backfill was within the standard

limits. The previous studies on the use of LRR focused mainly on the
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mechanical properties, however, there is a need to study the behaviour of
structural members made with concrete using LRR.

4. The work on the durability properties covered a small number of experiments.
The studies found the durability parameters are generally within the code limits
except the carbonation. However, extensive research is required to establish
the durability (like RCPT, ASR, and carbonation etc.) of LRR to be a standard
pozzolanic material. In addition, the life cycle assessment of the LRR products
is not available in the literatures.

5. The microstructural properties of the LRR products from different literatures are
helpful in the explanation of the fresh, mechanical, and durability properties.
The microstructural properties like FT-IR and NMR explain the silicon and
aluminum bonding and their transformations during hydration. Sufficient
experimentation and analytical modeling on the nanoindentation are required

to understand the behavior of the hardness of the ITZ of LRR products.
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