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Abstract:  This paper presents an experimental study to investigate the effect of lithium slag (LS) on the 
compressive strength and permeable voids of concrete. In this study, 20% cement was replaced by lithium 
slag and the results are compared with those of the control mix. To evaluate the effect of LS on the properties 
of concrete, workability, compressive strength and volume of permeable voids (VPV) were determined after 
28 days of curing. Results show that slump decreased by 15.8% due to the incorporation of 20% LS. This 
is attributed to the porous structure of LS. There was 6.6% increase of compressive strength of concrete at 
28 days by the 20% LS, which is attributed to its pozzolanic reaction. The VPV decreased by 30% due to 
the use of LS as a partial cement replacement
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1. Background 
Lithium has become one of the most demanding commodities in recent years. The demand is projected to 
upsurge in the coming decades. In 2021, worldwide 100,000 metric tons of lithium was produced. Australia 
is the largest producer and supplier of lithium among all the countries as per the mineral commodity 
summary report (1). However, the major drawback of lithium production is that the lithium refinery residue 
(LRR) occupies a considerable area of land and it has potential to cause environmental pollution. LRR is 
produced as by-product during the lithium carbonate production and it is known as lithium slag (LS). It is 
estimated that one-tonne of lithium carbonate produces around 9 to 10 tonnes of LS (2,3). Thus, a huge 
amount of LS is produced from the leaching, purification, and separation process of lithium carbonate 
(Li2CO3) production using sulfuric acid method. As the demand of lithium is rising significantly, the lithium 
refineries around the world are also growing. As a result, the generation LS associated with the production 
of lithium is also increasing significantly. Therefore, finding a sustainable use of LS in concrete will benefit 
the management of the by-product and improve the sustainability features of concrete production. On the 
other hand, cement production emits a vast amount of CO2 as one-tonne cement produces about one tonne 
of CO2 to the environment. Globally, only cement is responsible for about 8% of the world's carbon dioxide 
(CO2) emissions (4,5). Thus, the use of LS as a partial cement replacement will contribute to the reduction 
of CO2 associated with concrete production.

Therefore, scientists investigated that usage of LS as a supplementary cementitious material (SCM) can be 
a smart solution to this problem. Furthermore, LS has certain pozzolanic properties with high active silicon 
dioxide and aluminium oxide content, which reacts with calcium hydroxide (CH) to produce extra non-
crystalline C-S-H gel (6). It is also proved that, LS can be used as potential supplementary cementitious 
material (SCM) with some processing to enhance the pozzolanic property as well (5,7–10). For instance, Li 
et al., (11) investigated the impact of LS on White Portland Cement using wet grinding method and found 
that it enhanced the early strength development of concrete. The utilization of LS in Ultra-High-Performance 
Concrete (UHPC) was also investigated by several researchers and found very effective as well (7,12). Tan 
et al., (5) used nano-LS slurry to understand the consequence of wet grinded LS on the performance 
concrete. It is seen that early hydration product is formed by nano-LS slurry which is responsible for the 
rapid early strength development of concrete. He et al., (13) confirmed that LS can be used as SCM in 
backfill mining by activating NaOH. Zhai et al., (14) investigated the ionic dissolving characteristics and 
hydration properties of mixed cement incorporating lithium slag powder and found that LS powder assists 
to form the rod-shaped ettringite at a later stage in the hydrated product. Thus, using LS at appropriate 
quantity can make the cement paste more compact. However, in few experiments LS was used as an 
admixture and it shows some negative effects on workability because of containing zeolites and having 
higher specific surface area (13–15). Along with other properties of concrete, the use of LS is found to be 
advantageous in various properties of concrete, such as the elastic modulus (7), drying shrinkage (15) and 
creep (16) of concrete.



Thus, a range of studies have been carried out in terms of physio-chemical properties, fresh properties, 
micro and nano-structural properties of concrete containing LS. However, a systematic study on the 
properties of concrete containing LS is still very limited. Hence, this experiment is performed to study the 
basic properties of concrete including workability, compressive strength and volume of permeable voids 
(VPV) in concrete.

2. Methodology

2.1 Materials
Ordinary Portland Cement (OPC) was used as the binding material in concrete mixtures. The cement 
conforms to the quality requirements specified in the AS 3972:2010 as type I cement. LS was used as a 
partial replacement of cement. The slag is shown in Figure 1. The oxide composition of LS is shown in Table 
1. In this experiment, natural sand was used as fine aggregate and crushed gravel with the maximum size 
of 20 mm was used as coarse aggregate. The materials were sourced from local suppliers in Western 
Australia. Before casting, fine and coarse aggregates were soaked in clean water for 24 hours and air dried 
to ensure saturated surface dry (SSD) condition in accordance with the Australian Standard AS 1141.3.1 
(2012). Normal tap water was used in mixing of the concrete.

Figure 1: Lithium Slag
Table 1: The oxide compositions of lithium slag (17)

Oxide SiO2 Al2O3 Fe2O3 CaO MgO MnO TiO2 SO3 P2O5 K2O Na2O LOI

LS 54.53 21.08 1.45 7.535 0.575 0.23 0.05 5.62 0.238 0.884 0.72 6.76

2.2 Concrete mixtures
Two concrete mixtures were used to cast the test specimens. In the first group, concrete specimens were 
prepared without any LS content which is denoted as control specimen. In the second group, the concrete 
specimens were prepared using cement and lithium slag where 20% cement was replaced by lithium slag.  
For all mixtures, coarse aggregates were washed and soaked under water for at least 24 hours to ensure 
SSD condition. The fine aggregate was also washed and dried to maintain SSD condition. After preparing 
all the materials, casting was conducted in a pan mixture. At first, binding material and aggregate were 
poured into the mixing pan and mixed for 3 minutes. After that, water was added carefully and mixed until a 
homogenous mixture was ensured. The mix proportion of the concrete is presented in Table 2. The water 
to binder ratio was maintained same at 0.43 for both the mixtures. Slump test were performed immediately 
after mixing by measuring the behaviour of a compacted inverted cone of concrete under the action of 
gravity indicating the workability of concrete. Cylindrical moulds of 100 mm x 200 mm size were filled and 
compacted in two layers to cast the specimens for compressive strength and VPV tests. Finally, the top 
surface of the cylinders was levelled to produce a smoother surface. The samples were demolded after 24 
hours of casting and then cured in lime water until the days of testing.



Table 2: Concrete mix proportions

Mixture Description Cement 
(kg/m3)

Lithium 
slag

(kg/m3)

Coarse 
aggregate 

(kg/m3)

Fine 
Aggregate 

(kg/m3)
Water

(kg/m3)
Water / 
Binder

Control No lithium slag used 426.6 - 1260.9 724.6 185.2 0.43

20 LS 20% cement replaced 
by lithium slag 341.3 85.3 1260.9 724.6 185.2 0.43

2.3 Experimental procedure
To measure the workability of concrete slump test was performed just after mixing the fresh concrete. The 
slump cone was filled with three layers and compacted with 25 blows in each layer. After that, the slump 
cone was lifted vertically and true slumps were observed which is presented in Figure 2. Compressive 
strength of concrete was determined at 7 days and 28 days according to Australian Standard AS 1012.9 
(2014). The loading rate was constant and maintained 0.33 MPa/s throughout the test. Three specimens 
were tested to take the mean value. Figure 2 shows the result obtained from the slump test of two mixes.

(a) (b)

Figure 2: Slump test of (a) control mixture (b) 20 LS concrete mixture

The volume of permeable voids is considered as an indicator of the durability of concrete. This is because 
the permeable voids allow ingress of air and moisture into concrete that is the main cause of concrete’s 
deterioration. For this experiment, VPV test was conducted following AS 1012.21:1999 standard where the 
test method covers the determinations of density, water absorption percentage and voids in hardened 
concrete. For the VPV testing, the 100 mm × 200 mm cylinders were cut into three equal disk samples of 
50 mm thickness. The samples were then put into an oven at 110°± 5°C for least 24 hours. The oven-dry 
(OD) weight of the sample was taken until the two successive values were found less than 0.5%. After 
getting the OD value, the specimens were immerged in water at 21°C temperature for at least 48 hours. 
The SSD mass of the sample was taken until two consecutive values at intervals of 24 hours showed an 
increase in mass of 0.5% or less. After that, the samples were boiled into water for 5 hours and allowed to 
cool by natural loss of heat for around 14 hours to take the value of boiled SSD weight. The apparent mass 
was taken by suspending the samples into water after immersion and boiling. For this experiment at least 
three samples were tested to obtain the mean value. The VPV was calculated from the Eq. 1.

(1)			
ᵃ� ‒ ᵃ�
ᵃ� ‒ ᵃ� × 100                                                                     

where A is the mass (g) of oven-dried specimen in air, C is the mass (g) of saturated surface-dry sample in 
air after immersion and boiling and D is the apparent mass (g) of sample in water after immersion and 
boiling.



3. Results and Discussion

3.1 Workability
Workability is one of the fresh properties of concrete which indicates the ease of handling, mixing and 
placing of freshly mixed concrete. Workability depends on the water binder ratio of concrete. For this 
experiment the water binder ratio was 0.43 which was constant for both the concrete mixes. The results 
obtained from the experiment are presented in Figure 3. It is observed that, the concrete with 20% LS has 
lower workability compared to the control mixture. For instance, the slump value of the control mixture and 
20 LS concrete were 110 mm and 95 mm respectively. Thus, slump decreased by 15.8% due to the use of 
20% LS as cement replacement. This is because LS particles are much finer than the cement particles and 
have higher surface area than cement. Therefore, LS absorb more water than the cement during mixing.

Figure 3. Workability of concrete

3.2 Compressive strength
The mean compressive strengths at 7 and 28 days are presented in Figure 3. The error bars are plotted at 
one standard deviation to indicate the scatter of the test results in three samples.

Figure 3. Compressive strengths

From Figure 3 it is observed that, the use of lithium slag has some influence on the concrete compressive 
strength. For instance, at 7 days, the average compressive strength of control specimen was 33.87 MPa, 
where at 28 days the compressive strength was 39.43 MPa, which is 16.42% higher than the 7 days 
strength. On the other hand, for the concrete with 20% LS, at 7 days, the compressive strength was 34.41 
MPa and at 28 days it increases to 42.04 MPa, which is 22.17% higher than the 7 days strength. Although 
at earlier stage the compressive strength of both samples was identical, at 28 days, the compressive 
strength of 20% LS concrete was around 6.6% higher than the control specimen. This indicates that the 
amorphous silicon dioxide and aluminium oxide of LS reacted with calcium hydroxide (CH), to form calcium 
silicate hydrate (C–S–H) gel that increased the strengths of the specimen which is consistent with the results 



reported in literature (2,9,18). Furthermore, the LS particles are much smaller than the cement particles, 
that may also play the strong filling effect on refining the pore structure that contributes to the development 
of compressive strength of concrete. Therefore, the development of strength can be expected to continue 
with the increase of age of specimens.

3.3 Volume of permeable voids
VPV is one of the durability parameters of concrete which represents transport properties and percentage 
of voids in the concrete. It can be connected to permeability and is a function of porosity, which includes 
pore volumes and pore continuity within concrete matrix. The volumes of permeable voids of the control 
specimen and concrete containing 20% LS at 28 days are presented in Figure 4. It is seen that the concrete 
containing 20% LS has shown lower VPV than the control specimen. This supports the development of 
compressive strength at 28 days. As shown in the figure, the VPV of control specimen was 12.97% where 
the VPV of 20% LS concrete was 9.03%, which is 30.38% lower than that of the control specimen. This is 
due to the development of C-S-H gels by pozzolanic reaction of LS that fills up the capillary pores in the 
concrete. Therefore, LS reduced the porosity of concrete.

Figure 4: VPV of control and 20 LS concrete specimens

4. Conclusions
This paper presented the workability, compressive strength and volume of permeable voids of concrete 
containing LS as 20% replacement of cement. The findings are summarised below.

  It is observed that, LS reduces the workability of concrete due its higher surface area compared 
to cement particles.

 The use of 20% LS did not show a negative effect on the 7 days compressive strength of 
concrete. However, at 28 days, compressive strength of 20% LS concrete exceeded the strength 
of the control specimens by about 6%.
 The VPV decreased by about 30% due to the use of 20% LS as cement replacement. This 

is attributed to the pozzolanic reaction of LS with the calcium hydroxide produced from hydration 
of cement. The reduction of porosity by LS is consistent with the increase of compressive 
strength at 28 days.
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