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A B S T R A C T   

Lithium Slag (LS), also known as Delithiated Beta Spodumene (DBS), is a by-product of lithium extraction from 
spodumene ore that contains active silicon dioxide and aluminium oxide making it a potential supplementary 
cementitious material (SCM) for concrete. This study investigated the transport properties of concrete at 28, 90, 
and 180 days by incorporating LS as an SCM with cement replacement levels of 20%, 40%, and 60%. The 
findings reveal that 20% to 40% LS enhanced compressive strength, and reduced permeable voids, water 
penetration, sorptivity, and porosity, leading to improved transport properties. As LS reacts slowly, 40% LS 
resulted in 18.34% higher compressive strength at 180 days compared to that of the control mix. Therefore, VPV, 
water penetration depth, and sorptivity co-efficient of concrete with 40% LS were found 15.96%, 24.79% and 
38.46%, respectively, lower than the control mix. In addition, porosity analysis confirmed that with the increase 
of LS in concrete, porosity decreased over time. Moreover, SEM analysis demonstrated the development of CaCO3 
crystals at 40% LS, further reducing porosity. However, beyond 60% cement replacement by LS, a decline in 
concrete properties was observed due to unreacted LS particles. Therefore, this research underscores the po
tential use of LS to enhance durability of concrete.   

1. Introduction 

For centuries, Portland cement has been used as the most common 
binder for concrete. The remarkable ability of concrete to facilitate the 
development of infrastructure and architectural projects has made it an 
integral component of construction worldwide. Due to the significant 
amount of CO2 emission caused by cement manufacturing, researchers 
are exploring alternative materials to replace it. As a result, the use of 
supplementary cementitious materials (SCM) has become increasingly 
popular, with some of them now established as commercial products for 
many decades such as fly ash [1], silica fume [2], steel slag [3,4] and 
ground granulated blast-furnace slag [5,6]. However, in recent years, 
extensive research has been conducted to explore the potential utiliza
tion of Lithium Slag (LS) as a SCM in the construction industry, partic
ularly in the production of eco-friendly or green concrete. These 
investigations aim to leverage the properties of LS to develop sustainable 
construction materials that reduce environmental impact and promote 
resource efficiency. Studies revealed that, while mixing with cement, LS 
undergoes a reaction with Ca(OH)2 and generates hydrated calcium 
silicate (C–S–H) gel. This significantly facilitates the mechanical and 
durability properties of concrete [7]. Therefore, the utilization of LS as a 
SCM will potentially improve the basic performance of concrete, reduce 

the land required for its dumping and help to reduce carbon footprint 
with substantial economic and environmental advantages [8,9]. 

Lithium has become one of the most coveted commodities due to its 
high demand in recent years. This demand is predicted to upsurge 
significantly in the coming decades. In 2021, a total of around 100,000 
metric tons of lithium carbonate was produced globally, where 55% was 
contributed by Australia. The production is expected to be tripled over 
the coming decades [10]. However, the major drawback of lithium 
production is the lithium refinery residue (LRR) or lithium slag known as 
LS which occupies a considerable area of land, and it may cause envi
ronmental issues. It is estimated that one ton of lithium carbonate pro
duces 9–10 tons of LS [11,12]. This huge volume of waste is either stored 
in dams or thrown into landfills as there is no other way to dispose it. On 
the other hand, cement is responsible for 8% of the world’s carbon di
oxide (CO2) emissions [13]. Therefore, using LS as a supplementary 
binder can be a feasible way of managing the waste as its potential 
pozzolanic property has been demonstrated in recent research works [8, 
14,15]. However, a systematic study to understand the durability 
properties of concrete containing LS is scarce in literature [16]. 

Numerous studies have been carried out to explore the effectiveness 
of LS as a potential SCM and proved that LS can significantly improve 
mechanical [16,17] and microstructure properties [8,18] of concrete up 
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to a certain replacement level. Along with other properties, the use of LS 
is also found to be advantageous in elastic modulus [8], drying 
shrinkage [7,19], creep [17] and workability [19] of concrete. LS 
demonstrates effectiveness only within a specific range. For instance, He 
et al. [17] revealed that with the increase of a certain amount (20%) of 
LS content shows best result to reduce the drying shrinkage and creep of 
concrete at later age of curing. 

Li & Huang [19] investigated the impact of LS on white Portland 
cement using a wet-grinding method that basically enhances the early 
strength development of concrete. The experiment suggests that the use 
of 5% LS as high-quality raw materials improves the physio-chemical 
and mechanical properties of white Portland cement. The utilization 
of LS in Ultra-High-Performance Concrete (UHPC) was also investigated 
by several researchers and found very effective as well [8,20]. For 
UHPC, He el al. [8] identified that at early-stage, LS reduces the 
compressive strength. However, at later age the specimen containing 
10% LS exhibited better result by surpassing the strength of control 
specimen. They concluded that LS shows some pozzolanic activity which 
is mainly responsible for significant development of the concrete 
strength at later stage. 

Tan et al. [15] used nano-LS slurry to understand the consequence of 
wet-ground LS on the performance concrete. It is seen that early hy
dration product is formed by nano-LS slurry which is responsible for the 
rapid early strength development. In this research, it was also found 
that, 30 min wet grinding significantly reduces the size of LS. This was 
shown by the reduction of D(0.5) from 30.38 mm to 3.04 mm. Thus, 
grinding of LS to smaller particles size promoted the dissolution of 
aluminate, silicate, and lithium ions of cement that resulted in early 
strength development of LS blended cement [11,21]. 

He et al. [22] confirmed that LS can be used as SCM in backfill 
mining by activating NaOH. Zhai et al. [23] investigated the ionic dis
solving characteristics and hydration properties of mixed cement 
incorporating LS powder which helps to form ettringite at a later stage in 
the hydrated product. Thus, using LS at proper amount can make the 
cement paste more compact. However, in few experiments, LS was used 
as an admixture and it showed some negative effects on workability [7] 
because of containing zeolites and having higher specific surface area 
[24]. 

Very limited research is carried out on the durability of concrete 
containing LS. Li & Huang [19] concluded that LS significantly 
improved the pore structure by reducing porosity and increasing 
compactness of concrete. Qi et al. [14] found that LS significantly 
decreased the carbonation resistance and chloride penetration over 
time. However, it was also seen that when water-binder ratio decreased, 
chloride-ion diffusion coefficient gradually decreased both at 28 days 
and 84 days [25]. The effect of sulfate attack was also investigated by Li 
et al. [26] where no severe damage was observed in the specimens 
containing LS over a period of two years of sulfate exposure. 

The alkali-aggregate reaction (AAR) was investigated by Arribas 
et al. [3]. The authors concluded that, the LS blended concrete did not 
show excessive expansion. Thus, LS was found effective to reduce AAR 
by pozzolanic reaction. He et al. [8] performed SEM analysis by 
magnifying 10,000 times to understand the impact of LS on the concrete 
specimen. The authors found that initially LS showed less activity by 
leaving large voids and capillary pores which degraded the micro
structure of concrete at early ages. However, at the late ages, the con
crete becomes compact leaving no significant CH in the specimen. Most 
of the pores that were present at the earlier stage are filled by hydration 
product (C-S-H gel) because of pozzolanic effect of LS. Similar results are 
also reported by other researchers [11,16,20]. 

A wide range of research have been carried out in terms of physio- 
chemical test, mechanical properties, fresh properties, micro and 
nano-structural properties of concrete containing LS. However, very 
limited literature can be found on the durability properties of LS blended 
concrete, especially on the transport properties. Therefore, this study 
aims to investigate the durability of LS blended concrete, including 

volume of permeable voids (VPV), water penetration depth, sorptivity 
and SEM analysis. 

2. Materials and methods 

2.1. Materials 

In this study, ordinary Portland cement (OPC) was used as the pri
mary binder and lithium slag (LS) was used as supplementary cemen
titious material. The cement conforms to the quality requirements 
specified in the ASTM C150 and Australian standard AS 3972:2010 as 
type I cement. The LS was supplied by local lithium refinery in Western 
Australia. Before using, the LS was oven-dried at 105 ± 5 ◦C. LS particles 
are mostly irregular in shape including flaky particles compared to 
cement as found in the scanning electron microscopy (SEM) image 
shown in Fig. 1. The chemical compositions of the cement and LS are 
given in Table 1. A comparison of cement and LS is presented in Fig. 2 by 
a ternary diagram that graphically represents the SiO2-CaO-Al2O3 
compositions of these materials. It is clearly perceived that LS contains 
higher percentage of SiO2 and Al2O3 compared to OPC used in this study. 
Furthermore, X-ray diffraction (XRD) analysis was conducted to deter
mine the mineralogical characteristics of LS and OPC as depicted in  
Fig. 3. Calcium fluorite (CaF2) was incorporated with the samples as 
reference material and the obtained data was analysed using EVA soft
ware. Therefore, the peaks corresponding to CaF2 in the spectrum do not 
originate from the binding materials. Table 2. 

In this study, natural sand was used as fine aggregate (FA) while 
crushed granite was used as coarse aggregate (CA) with a maximum size 
of 20 mm. The particle size distribution of FA and CA is presented in  
Fig. 4 and basic properties of FA and CA are presented in Table 3. All 
materials were sourced from local suppliers in Western Australia. Before 
casting, both fine and coarse aggregates were soaked in clean water for 
at least 24 h and then air-dried to achieve a saturated surface dry (SSD) 
condition according to the Australian Standard AS 1141.3.1 (2012). 
Normal tap water was used to mix the concrete. 

2.2. Concrete mix proportions 

In this research, a total of four concrete mixes were prepared to 
conduct all testing including compressive strength test, volume of 
permeable voids (VPV), water permeability and sorptivity. In the first 
mix, concrete specimens were prepared without any LS content which is 
denoted as control mix. The subsequent mixes involved the utilization of 
cement and lithium slag, with varying proportions of 20%, 40%, and 
60% LS replacing the cement. The mixing was carried out in a pan 
mixture, wherein the binding materials and aggregates were first mixed 
for 3 min in a dry condition. Subsequently, water was cautiously added 
and mixed until a uniform mixture was achieved. Rheobuild 1000 
superplasticizer was used in mixtures 40LS and 60LS to achieve work
ability with a consistent water-to-binder ratio of 0.43. The mixture 
proportions are given in Table 4. After mixing the concrete, slump tests 
were performed to determine the workability and the slump values for 
all mixes are also presented in Table 4. 100 mm in diameter by 200 mm 
in height cylindrical moulds were filled and compacted properly in two 
layers to avoid any honeycombs or voids. To maintain consistent qual
ity, all the mixes in this study were prepared under identical conditions. 
The specimens were demolded after 24 h and cured in lime water until 
the designated testing days. 

2.3. Experimental methods 

This study evaluated the compressive strength and transport prop
erties of concrete using a series of experiments. Hence, 20%, 40% and 
60% cement is replaced by LS and the results are compared with those of 
the control concrete. To gain a comprehensive understanding on the 
durability performance, VPV, water permeability and sorptivity tests 
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were conducted along with compressive strength test of all four mixes. 
The summary of the experimental program is presented in Table 5. 

2.3.1. Workability and compressive strength test 
The workability of freshly mixed concrete was assessed through a 

slump test and the compressive strength for all mixes were determined at 
7, 28, 90 and 180 days where at least three cylinders of 100 × 200 mm 
were prepared for each mix and each test day. To evaluate the concrete’s 
compressive strength, a consistent loading rate of 0.33 MPa/s was 
maintained in accordance with ASTM C39 standard. Table 4 displays the 
results obtained from the slump test of all concrete mixtures. 

2.3.2. Volume of permeable voids (VPV) 
The VPV test is crucial for assessing concrete’s permeability, dura

bility, and resistance to water penetration and in this study, VPV test is 
performed according to the ASTM C642 standard. Cylindrical concrete 
specimens measuring 100 ϕ mm × 200 mm were cut into three 50 mm 
thick disc samples using central part except top and bottom 25 mm thick 
concrete layers. Each disk is then oven dried (OD) at 110◦ ± 5 ◦C for at 
least 24 h. Then the weights are recorded until two consecutive mea
surements showed a difference of less than 0.5%. After that, the samples 
were submerged in water at 21 ◦C for at least 48 h to achieve saturated 
surface-dry (SSD) condition. Subsequently, the samples were boiled in 
water for 5 h and cooled naturally for approximately 14 h. The weight of 
the specimens at the state of boiled SSD was measured. After immersion 
and boiling, the samples were suspended in water to ascertain their 
apparent mass. To obtain the mean value a minimum of three samples 
were tested. Furthermore, the void percentage was calculated using 
Equation 1: 

Volume of permeable voids (%) = (B − A)/(B − C) × 100 (1)  

where A = the mass (in grams) of the OD specimen, B = mass (in grams) 
of the SSD sample in air after immersion and boiling and C = apparent 

mass (in grams) of the sample after immersion and boiling. 

2.3.3. Sorptivity 
The sorptivity tests of concrete samples were conducted following 

ASTM C1585 standard. Cylindrical specimen (100 ϕ × 200 mm) were 
cut into three 50 mm thick disc samples using the central part except the 
top and bottom 25 mm thick concrete layers. The samples were then 
stored in a controlled chamber where 50 ± 2 ◦C temperature and 80 
± 3% relative humidity is maintained for three days. After that, all 
samples are kept in a sealable container at 23 ± 2 ◦C for 15 days. After 
conditioning, the specimens were removed and prepared for testing. All 
surfaces were sealed except the bottom surface which were immersed 
under water. A pan was filled with tap water and all samples were 
immersed to a depth of 1–3 mm as depicted in Fig. 5. The initial sorp
tivity data was recorded at intervals of 0, 1 min, 5 min, 10 min, 20 min, 
30 min, 1 hr, 2 hr, 3 hr, 4 hr, 5 hr, and 6 hr. 

2.3.4. Water permeability test 
Three cylinders with a dimension of 100 ϕ × 200 mm for each mix 

were placed in the water penetration depth measurement apparatus as 
shown in Fig. 6. The bottom of the cylinders was sealed properly to 
confirm water tightness while fixing in the apparatus and a constant 
pressure was applied maintaining 500 ± 50 kPa for 72 h. After removal, 
the cylinders were split into two equal pieces and marked the water 
penetration depth following the BS EN 12390–8 standard. 

2.3.5. Thermogravimetric analysis (TGA) 
In this study, TGA was conducted to understand the pozzolanic ac

tivity of LS by determining the calcium hydroxide (CH) contents in 
concrete at different LS dosages. The experiment involved measuring 
weight changes as the temperature varied in a controlled atmosphere. 
This process simultaneously measured the weight loss due to the 
decomposition of various phases. A platinum crucible containing 20 mg 

Fig. 1. SEM image of (a) LS and (b) OPC.  

Table 1 
Oxide compositions of cement and lithium slag (mass %) [27].  

Oxide SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O LOI 

Cement  20.70  5.70  2.90  63.10  1.30  3.30  0.40  0.30  1.90 
LS  54.53  21.08  1.45  7.535  0.575  5.62  0.884  0.72  6.76  
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of powdered sample in 110 µL was heated from ambient to 1000 ◦C at a 
rate of 10 ◦C per minute in a nitrogen atmosphere flowing at 100 ml per 
minute. Data on mass and temperature variations were collected as a 
function of the furnace temperature. This analysis allows to estimate the 
amount of CH for control, 20LS, 40LS and 60LS mixtures. 

The weight loss of mortar samples at 180 days that occurs during 
dehydroxylation of CH can be detected from TGA analysis in the tem
perature range of 400 to 500 ◦C [28]. Based on Taylor’s formula, the CH 
content is calculated from the weight loss in each sample using Eq. 2 
[29]. 

CH(%) = WLCH(%) ×
MWCH

MWH2O
(2)  

where, WLCH is the weight loss during the dehydration of CH as per
centage of the ignited weight, MWCH and MWH2O are the molecular 
weights of CH and H2O, respectively. 

2.3.6. Porosity 
During the study, the TBitmap software was used to examine the 

porosity of concrete samples. Ten micrographs were taken from various 
sections of the concrete specimens and then processed using the TBitmap 
software. The micrographs were captured using an optical microscope 
with 100 times magnification. The software used flood fill algorithm to 
determine the connected components and resin colour analysis by 
identifying pixels in the image to perform a quantitative analysis of the 
porosity. Fig. 7 shows an analysis screen using TBitmap software for a 
surface image. The pores were categorized into three different sizes 
according to Abousnina et al. [30] and Awedat et al. [31]. The micro
pores which are less than 0.32 µm, the mesopores are between 
0.2–30 µm, and the macropores are greater than 30 µm. All the 

micrographs were captured immediately after the compression test. 

3. Results and discussion 

3.1. Effect of LS on the workability of concrete 

The slump values of different mixtures are given in Table 4. It can be 
observed that the slump value decreased with the increase of LS content 
in the concrete. The variation of slump value in different mixes are 
shown in Fig. 8. To maintain the workability, superplasticizer was used 
in mixtures 40LS and 60LS. The slump value of 20LS, 40LS, and 60LS 
concrete mixtures were 100, 95 and 90 mm respectively for a constant 
water/binder ratio of 0.43. Due to high particle porosity along with flaky 
and angular particles, LS absorbs more water than the cement during 
mixing, as reported previously [32]. This is considered as a reason for 
lower workability of concrete with the increasing of LS content in this 
study. 

3.2. Porosity 

The study encompasses a comprehensive analysis of the surface 
porosity of LS blended concrete samples of various mixtures, presenting 
the findings based on three specific pore categories as shown in the Fig. 9 
(a-d). Cementitious materials are known to comprise three distinct pore 
types. These include gel pores, which are characterized as micropores 
that has least influence on the strength of concrete [33]. Thus, the 
contribution of the gel pores to the overall porosity of LS blended con
crete can be considered insignificant. It has been observed from Fig. 9(c) 
that at early days of curing, the microporosity of concrete decreased 
with the increase of LS. At 28 days, the microporosity of control, 20LS, 

Fig. 2. Ternary diagram of the chemical composition of OPC and LS.  
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40LS and 60LS specimens were 9.8%, 9.48%, 8.3% and 8.29%, respec
tively. This gradual decrease in microporosity indicates that the smaller 
particles of LS initially act as a filler material in the early days. 
Furthermore, at 180 days the microporosity decreased to 9.18%, 8.04%, 
8.1% and 7.11%, respectively for all four mixes due to the formation of 
C-H-S gel in the pores. 

Capillary pores, classified as mesopores, having an average radius 
ranging from 0.32–30 µm, attributed to deliberate air entrainment. 
However, the macropores which are greater than 30 µm are formed due 
to inadequate compaction in concrete. In LS blended concrete, the 
unreacted LS particles also contributed to the pore structure which was 

reported in other studies [17]. Kumar et al. [33] suggests that the 
capillary and larger pores are responsible for the variation in strength 
and transport properties of concrete. He et al. [17] also suggest that at 
early age, the capillary and larger pores increased with the incorpora
tion of LS into the concrete. In this study, few LS particles were observed 
in the 20LS, 40LS and 60LS concretes at 28 days. These particles mostly 
served as filler and had not yet reacted which is observed in SEM images 
shown in Fig. 19. This suggests that these unreacted LS particles are 
responsible for creating capillary pores in the concrete that reduced 
strength at early days of curing. For instance, at 28 days, the 20LS, 40LS, 

Fig. 3. XRD of LS and OPC.  

Table 2 
Properties of cement and LS.  

Properties Cement Lithium slag 

Surface area 360 kg/m2 340 kg/m2 

Median particle size 17 µm 38 µm 
Specific gravity 3.1 2.46  

Fig. 4. Gradation curves of FA (a) and CA (b).  

Table 3 
Basic properties of FA and CA.  

Properties  FA CA Unit 

Specific gravity : 2.62 2.72 - 
Water absorption : 0.6 0.5 % 
Bulk density (compacted) : 1630 1560 kg/m3 

Max aggregate size : 4.75 20 mm  
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and 60LS concretes consist of 5.76%, 6.2%, and 6.4% macropores, 
respectively whereas control concrete consists of 5.3% macropores. 
Furthermore, the pore greater than 0.2 µm increased by 8.27–9.51% 
with the increase of LS content from 20 to 60% in the concrete at an 

early age. However, at later age, the percentage of mesopores along with 
the percentage of macropores decreased with the increment of LS into 
concrete. This reduction is consistent with up to 40% replacement of 
cement by LS. Compared to the control mix, the mesopores and mac
ropores of 40LS concrete decreased by 26.5% and 42.5%, respectively. 
Therefore, the total porosity of 40LS concrete also decreased by 20.2% 
than that of control concrete after 180 days. This trend also supports the 
findings of other transport properties as explained before. In contrast, 
60LS concrete consists of around 32.5% and 10% higher macropores and 
mesopores, respectively than 40LS concrete. Therefore, the strength and 
transport properties showed degrading trends when using more than 
40% LS in the binder. 

3.3. Effect of LS on the compressive strength of concrete 

The long-term durability of concrete is influenced by its compressive 
strength because higher compressive strength typically translates to 
compact microstructure and hence, greater resistance to penetration of 
aggressive substances. Fig. 10 shows how LS affects the compressive 
strength over time. It has been observed that with the increase of LS into 
concrete, the compressive strength of concrete decreased at early age. 
For instance, the compressive strength of control specimens is the 
highest among all the mixes at 7 days and the 20LS, 40LS, and 60LS 
concrete specimens show 12.4%, 26.5%, and 49.4% lower compressive 
strengths, respectively than the control specimen. This indicates that the 
pozzolanic reaction of LS at the early stage is slower which mainly de
pends on the availability of calcium hydroxide (CH). By replacing 
cement with lithium slag, the amount of CH is decreased, consequently 
slowing down the initial progression of compressive strength. Further
more, lithium slag particles are flaky and of irregular shape as shown in 
Fig. 1 which may create pores in the matrix. Additionally, it also has a 
smaller surface area compared to cement particles, which limits chem
ical reactions and bonding, leading to lower strength development 
during the early stages of curing. 

At 28 days of curing, the compressive strength of 20LS, 40LS and 
60LS concrete were 42.04, 41.35 and 40.87 MPa respectively, which are 
6.4%, 7.9% and 9% lower than that of control specimen. However, the 
LS replacement level shows significant compressive strength growth 
over time. The compressive strengths of 20LS, 40LS, and 60LS concretes 
improved significantly from 7 to 90 days of curing, followed by a 
consistent rate of strength improvement thereafter. At 6 months, the LS 
concrete reaches about 56, 61 and 53 MPa which are about 61%, 107% 
and 167% higher strength developments than the early days of curing, 

Table 4 
Concrete mix proportions and slump values.  

Mixture Description Binder Water 
(kg/m3) 

Aggregate w/b Slump (mm) Superplasticizer 

Cement (kg/m3) LS 
(kg/m3) 

CA (kg/m3) FA 
(kg/m3) 

Control 100% cement is used as binder  426.6 -  185.2  1260.9  724.6  0.43  110 - 
20 LS 20% cement replaced by LS  341.3 85.3  185.2  1260.9  724.6  0.43  100 - 
40 LS 40% cement replaced by LS  255.96 170.64  185.2  1260.9  724.6  0.43  95 0.5% of binder 
60 LS 60% cement replaced by LS  170.64 255.96  185.2  1260.9  724.6  0.43  90 1.3% of binder  

Table 5 
Summary of experimental program  

Property Code/ Specification Size of samples No. of samples Test days 

Compressive strength test ASTM C39 100 × 200 mm 
cylinder  

Control (3), 20LS (3) 
40LS (3), 60LS (3) 

7, 28, 90 and 180 days 

Volume of permeable voids ASTM C642 100 × 50 mm 
cylindrical disc  

Control (3), 20LS (3) 
40LS (3), 60LS (3) 

28, 90 and 180 days 

Sorptivity ASTM C1585 100 × 50 mm 
cylindrical disc  

Control (3), 20LS (3) 
40LS (3), 60LS (3) 

28, 90 and 180 days 

Water permeability BS EN 12390-8 100 × 200 mm 
cylinder  

Control (3), 20LS (3) 
40LS (3), 60LS (3) 

28, 90 and 180 days  

Fig. 5. Sorptivity test of concrete.  

Fig. 6. Water penetration depth test setup.  
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while the control concrete shows only 29% compressive strength growth 
compared to 7 days of age. LS particles exhibit high reactivity at a later 
stage with calcium hydroxide (CH) and form additional C-S-H (calcium 
silicate hydrate) gel. It is also evident that LS has a higher content of SiO2 
and Al2O3, making it more reactive with age [27]. By replacing cement 
with LS, the reactive SiO2 and Al2O3 in the LS promote the formation of 
C-S-H gel which leads to improved strength development at later ages 
[1,2]. However, among four mixes, 40% LS content imparts highest 
compressive strength after 6 months of age. This result supports the 
findings in the porosity analysis as depicted in Fig. 9. The porosities are 
calculated based on the analysis using TBitmap software which has been 
discussed earlier. Previous studies [30,34] demonstrated that the 
development of compressive strength is significantly influenced by its 

porosity and it has been observed that the larger pores in concrete have a 
greater effect on its strength than smaller pores. Fig. 11 displays the 
relationship of the compressive strength of concrete with the macro
pores at LS percentages of 0%, 20%, 40% and 60%. The macro-porosity 
of 40LS concrete decreased to 1.7% at 180 days of age which is the 
lowest among all four mixes. The reduction in large pores (>30 µm) 
leads to the denser structure and, therefore, improved the compressive 
strength of 40LS concrete. However, as expected, further addition of LS 
did not increase the compressive strength even after 6 months of age. LS 
content of 60% showed 11.5% lower compressive strength than 40LS 
concrete due to the lower amount of calcium content in the mix. The 
results of TGA were used to determine the CH contents of the mixtures 
using Eq. 2. The CH contents of control, 20LS, 40LS and 60LS mixtures 

Fig. 7. Analysis using TBitmap software (a) natural colour of the surface, (b) readjusted colour to be readable by the software and (c) analysis screen of TBitmap.  
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Fig. 8. Slump of LS concrete (a) 20LS, (b) 40LS and (c) 60LS.  

(a) (b)

(c) (d)

Fig. 9. Porosity of concrete (a) macropore, (b) mesopore, (c) micropore and (d) total porosity.  

Fig. 10. Compressive strength of different mixes of concrete.  
Fig. 11. Compressive strength vs macroporosity at 180 days.  
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were found 3.87%, 2.82%, 2.63% and 1.99%, respectively. This shows 
that, 60LS concrete had the lowest CH content available for pozzolanic 
reaction among all the four mixtures, which is consistent with its low 
compressive strength. Thus, the use of 40% LS is considered optimum in 
terms of the porosity and compressive strength of concrete. 

3.4. Effect of LS on the VPV of concrete 

The VPV is a prominent durability index to assess the permeability of 
concrete. It refers to the total volume of interconnected pores through 
which fluids such as air or water can pass. In this experiment, VPV was 
determined at 28, 90, and 180 days of age for all four mixes and the 
comparisons are presented in Fig. 12. It is observed that the VPV at early 
ages tends to increase as the LS content increases. At 28 days, the VPV of 
the control, 20LS, 40LS, and 60LS concretes were 9.4%, 10.3%, 10.7% 
and 11.1% respectively. This suggests that at early curing ages, the VPV 
values of the LS concrete specimens were greater than those of the 
control specimen, which is consistent with the results found in the 
compressive strength of those mixes. As the pore volume increases, the 
compressive strength of concrete decreases at initial stage of curing. As a 
result, concrete with LS exhibits lower compressive strength than the 
concrete without LS at 28 days, as shown in Fig. 10. 

At 90 days, the VPV for all four mixes did not show any significant 
changes. Although, the average VPV value at 90 days are appeared 
slightly higher than those of 28 days, the error bar illustrates that the 
upper VPV value at 28 days is greater than the lower value at 90 days for 
all mixes. However, the VPV value of all four mixes significantly 
decreased with the increase of LS content in the concrete sample at 180 
days. According to VicRoads specification [35], VPV value less than 11% 
is considered to be of excellent quality. Hence, all the mixes studied in 
this research can be classified as excellent-quality concrete. Compared to 
the early age, the VPV of control, 20LS, 40LS, and 60LS concretes is 
decreased by 7.1%, 19.9%, 31.3%, and 24.6%, respectively at 180 days. 
Hence, 40LS concrete has the least VPV value and the control mix has 
the highest VPV value at 180 days. The reason behind the lower VPV can 
be ascribed to the pozzolanic reaction of LS which helped to form a 
dense microstructure that has been discussed in the microstructure 
analysis section. As shown in Table 1, LS has higher SiO2 and Al2O3 
contents than cement. It is also evident that the presence of amorphous 
silica and alumina reacts with portlandite to form calcium silicate hy
drate (C-S-H) gel. This plays a vital role in enhancing the pore structure 
as shown in Fig. 13. Furthermore, the results of VPV correlates well with 
the compressive strengths. A decrease in porosity corresponds to an 
increase in compressive strength, which is attributed to the greater 
compactness of the matrix. Therefore, like compressive strength, 40% 
replacement of cement by LS has shown optimum VPV among all the 
mixes. As the percentage of macropore decreased to 1.7% which is 

lowest among the four mixes, the VPV also decreased to 7.37% at 180 
days which is the least among all mixes. However, the total porosity 
along with the macropore and mesopore increased after 60% replace
ment of cement by LS, which has been already discussed in the porosity 
section. Thus, VPV also increased to 8.38% in 60LS concrete. In addi
tion, the use of 60% LS left unreacted LS particles due to lack of Ca(OH)2 
content, which is also observed in microstructure analysis. 

3.5. Water penetration depth of concrete 

The water permeability test determines the resistance to water 
penetration of concrete under constant water pressure for a certain 
period. It is an important durability index that evaluates the transport 
properties of concrete and its resistance to the ingress of water, mois
ture, and potentially harmful substances such as chlorides or sulfates. 
The water penetration depth of all mixes after split test are presented in 
Fig. 15 (a-l) and the results are plotted in Fig. 14 (a). It can be seen that 
the water penetration depths align with the trend of the VPV test results 
as depicted in Fig. 14 (b). Fig. 15. 

Fig. 14 (a) shows that using LS resulted in an increase in the water 
penetration depth during the early stages of curing. The increased 
amount of lithium slag in the concrete mixture is correlated with this rise 
in water penetration depth. 

However, the relationship between LS content and water penetration 
depth changed at later stages, suggesting that higher proportions of LS in 
the mix contributed to decrease water penetration depth up to 40% LS 
content. This effect becomes prominent after 6 months of age. Compared 
to the water penetration depth observed at 28 days, the 20LS concrete, 
40LS concrete, and 60LS concrete exhibited reductions of 23%, 36%, 
and 20% respectively, at 180 days. The corresponding decrease of water 
penetration in the control specimen was only about 6%. It is possible 
that the pores of LS blended concrete are filled up with the secondary C- 
S-H gel and, therefore, reduced the water penetration depth at a later 
age. Among all four mixes, 40% LS was found to be the most effective 
and showed the least permeability in the concrete due to the reduction in 
porosity as shown in Fig. 14 (c). Gel pores and macropores which are 
more than 0.2 µm in diameter in concrete play a significant role in water 
penetration [33,36]. With the use of 40% LS, the total porosity was 
found to be the lowest which plays a vital role in transporting water 
through the pores. This result also correlates with the VPV results. 
Finally, it can be concluded that concrete with LS produced satisfactory 
results and the trend of the water penetration results is consistent with 
the VPV, porosity and compressive strengths of the concrete. 

3.6. Effect of LS on the sorptivity of concrete 

To understand the water absorption of concrete through capillary 
action, sorptivity is one of the critical measures of concrete study. A 
higher sorptivity level indicates a greater susceptibility to moisture and 
potential deterioration over time. In this study, the sorptivity Fig. 12. Volume of permeable voids.  

Fig. 13. VPV vs macro-porosity of concrete at 180 days.  
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coefficients for all mixes were calculated by taking the slope of the initial 
sorptivity line that fits best by linear regression analysis. All mixes have 
an R2 value greater than 0.98 as shown in Fig. 16 (a-d). It is observed 
that the sorptivity co-efficient value follows the same trend found in the 
VPV and water penetration depth test as presented before. With the 
increase of LS content into the concrete, the sorptivity value increased at 
the initial stage of curing. At 28 days, the sorptivity co-efficient of the 
control specimen was 30 × 10− 3 mm/sec0.5 while 20LS, 40LS, and 60LS 
concretes had the sorptivity coefficient values of 44 × 10− 3, 66 × 10− 3 

and 80 × 10− 3 mm/sec0.5, respectively. As proposed by Cement Con
crete & Aggregates Australia [4], the sorptivity coefficient surpassed the 
recommended limit of 27.1 × 10− 3 mm/sec0.5 in the LS concretes. The 
higher the LS content, the higher was the sorptivity value, as shown in 
Fig. 16 (e). 

The increased sorptivity of the LS blended concrete at an early age 
may be attributed to the increased porosity, which supports the findings 
in the VPV and water penetration results. However, after six months, all 
the LS concretes exhibited lower sorptivity values than that of control 
mix. From 28 to 180 days, the sorptivity coefficient of the control 
specimen decreased only 13.3% while the 20LS, 40LS and 60LS concrete 
showed 47.7%, 75.7% and 72.5% reduction in sorptivity, respectively. 
This implies that the sorptivity decreases with the increase of LS content 

in the concretes at later stage of curing as seen in Fig. 16 (a-d). There
fore, the sorptivity coefficient of all LS concretes are within the allow
able limit according to Cement Concrete & Aggregates Australia, 2009 
[37]. The presence of LS in concrete results in a significant decrease in 
sorptivity at late age, which can be directly attributed to the reduction in 
porosity. This is due to the high concentration of amorphous silica and 
alumina present in LS, which triggers a pozzolanic reaction and effec
tively reduces the number of capillary pores. Studies have confirmed 
that LS consume most of the CH and turns it into C-S-H gel, which then 
fills up large pores [8,38]. 

3.7. SEM and EDS analysis 

The scanning electron microscope (SEM) and energy dispersive X-ray 
spectroscopy (EDS) analysis are conducted in this study on all four mixes 
to investigate the microstructural properties and their variation over 
time. It is observed that the microstructure of all concrete mixes, 
including those containing LS, shows improvement over time. However, 
the variation in transport properties of those mixes can be explained by 
microstructural analysis. It is well known that the cement paste formed 
through hydration reaction contains interconnected pores of various 
sizes, as discussed in the porosity section. Based on the SEM image the 

Fig. 14. (a) Water penetration depth of different mixes, comparison of (b) water permeability with VPV test and (c) water permeability with porosity.  
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Fig. 15. Water penetration depth of control (a-c), 20LS (d-f), 40LS (g-i) and 60LS (j-l) specimen.  
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control concrete appears more compact than those of LS-containing 
concrete as shown in Fig. 17. Furthermore, unreacted LS particles are 
also observed at early days which primarily act as fillers in 20LS, 40LS, 
and 60LS concrete presented in Fig. 18. Thus, the addition of LS to 
concrete as binder increases the porosity in the material, thereby 
adversely affecting its transport properties during the early age of 
curing. 

In contrast, the microstructures of control concrete become denser as 
time progresses due to the development of hydration products. This 
densification is also noticeable in the 20% and 40% LS concrete samples 

at later ages. It is apparent that the number of capillary and larger pores 
decreased in samples containing 20% and 40% LS after 6 months of age 
as shown in Fig. 9 in the porosity analysis part. These pores are sur
rounded or filled by C-S-H and C-A-S-H gel, resulting from cement hy
dration and the secondary pozzolanic reaction of LS [17]. Additionally, 
existing literature suggests that LS particles with a high SO3 content 
contribute to the formation of inflatable ettringite (AFt) in an alkaline 
environment [17]. This extra C-S-H and AFt can also fill large pores of 
concrete which decreases the total number of pores in LS blended con
crete as shown in Fig. 9 (d). It is also evident that the higher the LS 

Fig. 16. Initial sorptivity of control (a), 20LS (b), 40LS (c) and 60LS (d) concrete, sorptivity co-efficient (e).  
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content in the binder, the fewer the pores up to 40% replacement by LS 
which also supports the findings of pore analysis. Moreover, when 40% 
LS is added to the concrete, the formation of rectangular crystals are 
observed that grow in a specific direction as seen in Fig. 19 (b). The 

rectangular shaped crystals are seen near the cracking zone and the 
higher spectrum of Ca and Oxygen on that crystals from the EDS analysis 
can be resulted from the calcium carbonate (CaCO3) formation as pre
sented in Fig. 20 (a). This CaCO3 can be formed due to the carbonation 

Fig. 17. Concrete surface of four mixes at 28D.  

Fig. 18. Unreacted LS particles of LS blended concrete at 28 days (a) 20LS (b) 40LS and (c) 60LS concrete.  
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process at later age where the carbon dioxide (CO2) from the air reacts 
with calcium hydroxide Ca(OH)2 in the concrete and can produce CaCO3 
[39,40]. This may be the reason which significantly reduces the number 
of pores in 40LS concrete and improves transport properties. These 

findings align with the improvements observed in various parameters, 
including VPV, water absorption, and water sorptivity. Therefore, add
ing 40% LS in concrete generates higher microstructural development 
among the four mixes. 

Fig. 19. hydration product of (a) 20LS and 40LS (b) concrete and un-hydrated LS of 60LS concrete (c) at 180 days.  

Fig. 20. Formation of CaCO3 (a) and Aft (b) in LS blended concrete.  
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In contrast, when replacing 60% of cement with LS, there was less 
improvement in microstructure properties in comparison to the 40% 
replacement scenario. This can be attributed to the presence of a lower 
amount of calcium (Ca) content, which leaves unreacted LS particles 
within the concrete samples depicted in Fig. 19 (c) and does not 
contribute that much to the pore reduction. Therefore, the size of 
macropores and total number of pores are higher in 60LS concrete than 
those in 40LS concrete. These findings are in agreement with the results 
obtained from VPV, water penetration, water sorptivity, and sorptivity 
co-efficient presented earlier. 

4. Conclusion 

The effects of LS on the permeation properties of concrete were 
studied by using 20%, 40% and 60% cement replacements by LS. The 
summary of the findings are as follows:  

1. The incorporation of LS as SCM in concrete leads to an improvement 
in compressive strength up to 40% cement replacement, though 
strength development was relatively slow at early days due to 
delayed activation of LS. However, 40% replacement exhibited the 
highest compressive strength among all four mixes after 6 months of 
age.  

2. LS significantly refines the pore structure of concrete. Although there 
was a slight increase in both gel pores and larger pores after 28 days 
of curing, a significant reduction in macro porosity was observed 
after 180 days, leading to improvements in the transport properties 
of concrete.  

3. The use of LS significantly decreases the VPV, water penetration 
depth and sorptivity of concrete. Because of having least macro- 
porosity and higher compressive strength, 40% replacement has 
shown the least value among four mixes after 6 months of age.  

4. The microstructure analysis revealed that the addition of 20% LS 
resulted in the formation of C-S-H and C-A-S-H gel, leading to the 
expected improvements in strength and porosity. However, at 60% 
replacements, unreacted LS particles are observed due to the insuf
ficient Ca content in the mix. Consequently, increasing the LS 
replacement beyond a certain threshold showed decline in concrete 
properties. 
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