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Abstract - This paper presents an experimental study on the compressive strength, 

elastic modulus, drying shrinkage, and creep of concrete added with lithium slag as a 

supplementary cementitious material. The effects of the lithium slag on these 

mechanical properties were examined experimentally by using specimens with 

different lithium slag contents (0%, 10%, 20% and 30% of binder). In addition, 

mercury intrusion porosimetry and scanning electron microscope techniques were 

also used to investigate the pore microstructure of the concretes with different lithium 

slag contents to support the findings obtained from the mechanical property tests. It 

was shown that, the addition of lithium slag in concrete can improve the mechanical 

properties of matured concrete, including the compressive strength, elastic modulus, 

drying shrinkage and creep, if the right amount of lithium slag is used.  

 

Keywords: Concrete, compressive strength, creep, lithium slag, supplementary 

cementitious material.  

 

1. Introduction 
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Efforts have been made in recent decades to develop “green” concretes containing 

industrial waste [1-4]. It is well known that in such green concretes cement has been 

partially replaced by industrial and/or agricultural byproducts such as fly ash, ground 

granulated blast furnace slag, metakaolin, rice husk ash, etc., which are considered as 

supplementary cementitious materials (SCMs). The replacement of cement by using 

SCMs not only decreases the landfills of waste materials and their associated 

environmental impacts, but also reduces the carbon footprint of concrete. In general, 

SCMs can be used to improve the mechanical properties of concrete, either in fresh or 

hardened mixtures [5-8]. In addition, using SCMs can also decrease the cost of 

construction while providing “green” concrete with comparable mechanical properties. 

Therefore, SCMs are widely used in concrete either in blended cement or added 

separately in concrete mixtures [9-11]. The continuously increasing demand of SCMs 

used in concrete results in the great shortage of traditional SCMs. Therefore, there is a 

need to find new types of SCMs which can be used in concrete. 

 

In China, a great amount of lithium slag (LS) is discharged as a byproduct in the 

process of the lithium carbonate using sulfuric acid method when the spodumene ore 

is calcined at high temperature of 1200 oC. The main formation process of LS is 

shown in Fig.1. 

 

 

Fig.1 Formation process of LS 

 

According to the statistical analysis [12], about nine tons of LS are discharged when 
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one ton lithium salt is produced in the production process of lithium carbonate. Today, 

about 8x105 tons of LS are discharged every year in China. The disposal of such large 

quantities of LS not only results in the shortage of landfills but also causes serious 

environmental pollution problem. Therefore an urgent task is to find an efficient way 

to recycle the disposed LS. Considering the grindability and certain pozzolanic 

reactivity because of the high content of active silicon dioxide and aluminium oxide, 

LS may be used as a SCM in cement and concrete. However, from a literature survey 

there are very limited references on the use of LS in concrete [13-15], and the effect 

of LS on the mechanical properties of concrete such as drying shrinkage and creep has 

not been discussed. 

 

In this paper, an experimental study on the mechanical properties, drying shrinkage, 

and creep of concrete containing LS as a SCM is presented. The effects of LS on the 

compressive strength, elastic modulus, drying shrinkage, and creep of the concrete 

containing LS were examined using an experimental method. The mercury intrusion 

porosimetry (MIP) and scanning electron microscope (SEM) techniques were also 

used to investigate the pore microstructure of the mixed concrete to support the 

findings obtained from the experiments. 

 

2. Experimental 

2.1 Materials 

The cement used in the present study was ordinary Portland cement of Grade P·O42.5 

according to common Portland cement (Chinese GB 175-2007). The LS used was 

supplied by Sichuan lithium salt plant in China, whose appearance is shown in Fig.2. 

It can be seen from the figure that the appearance of LS is earthy yellow. 
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Fig.2 Appearance of LS 

 

Table 1 gives the chemical properties of the cement and LS used, which shows that 

the LS has far more SiO2 and Al2O3, but much less CaO than the cement does. In 

addition, the content of SO3 of the LS is also more than that of the cement. 

 

Table 1 Chemical compositions of cement and LS (wt %) 

Materials SO3 SiO2 Fe2O3 Al2O3 CaO MgO K2O Na2O 
Loss on 

ignition 

Cement 2.42 20.34 3.43 4.76 61.87 1.34 0.55 0.06 3.11 

LS 7.15 53.22 1.48 17.11 10.11 0.41 0.53 0.33 8.25 

 

 

The particle size distributions of the cement and LS were determined by laser particle 

analysis using BT-9300 Laser Particle Analyzer, which are shown in Fig.3. It can be 

seen from the figure that the size range of LS particles is narrower than that of cement 

particles. However, in terms of the average size, LS particle is smaller than cement 
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particle, which is demonstrated in the grading curves of cement and LS shown in 

Fig.4. 
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Fig.3 Particle size distributions of cement and LS 

 

 

1 10 100
0

20

40

60

80

100

 Cement

 LS

C
u
m

u
la

ti
v
e 

fi
n
er

, 
%

Particle size, μm
 

Fig.4 Grading curves of cement and LS 

 

 

The specific gravities of cement and LS are about 2910 and 2450 kg/m3, respectively, 
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which were determined according to the standard test method for cement density 

(Chinese GB/T208-2014) using the small pycnometer method. The specific surface 

area is about 360 m2/kg for cement and 440 m2/kg for LS, respectively, which were 

determined based on the nitrogen adsorption method. In addition, LS particles were 

found to be irregular in shape, which can be demonstrated in the SEM image shown in 

Fig.5. 

 

 

Fig.5 SEM image of LS 

 

River sand was used for fine aggregates, which has a fineness modulus of 2.5 and a 

specific gravity of 2550 kg/m3. Crushed limestone was used for coarse aggregates, 

which has a size range from 5.0 mm to 25 mm, and a specific gravity of 2660 kg/m3. 

The specific gravity and the sieve analysis for both fine and coarse aggregates were 

done as specified in the standard for technical requirements and test method of sand 

and crushed stone (or gravel) for ordinary concrete (Chinese JGJ 52-2006). The 

polycarboxylic superplasticizer admixture with a specific gravity of 1200 kg/m3 was 
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used, which allows a water reduction up to 25%. 

 

2.2 The concrete mixture proportioning 

Mixture proportioning was carried out according to specification for mix proportion 

design of ordinary concrete (Chinese JGJ 55-2011). The targeted compressive 

strength was 50 MPa for the control mixture. 

 

Four types of concrete mixtures of different LS contents (0%, 10%, 20% and 30% of 

binder) were used in the experiments. In all types of mixtures the binder to aggregate 

ratio, fine aggregate to aggregate ratio, and water to binder ratio were kept as 

constants, which are 0.25, 0.41, and 0.35, respectively. The superplasticizer content 

was adjusted to maintain a slump of 150-180mm for all mixtures. Table 2 shows the 

details of the relative weight of each component used in each type of mixtures. 

 

Table 2 Mix proportions of concretes with different LS (in weight) 

Types of 

mixture 
Cement LS 

River 

sand 

Crushed 

limestone 
Water Superplasticizer 

C 450 0 735 1055 158 3.83 

C+10LS 405 45 735 1055 158 4.23 

C+20LS 360 90 735 1055 158 4.47 

C+30LS 315 135 735 1055 158 4.58 

 

 

2.3 Test methods 

Four groups of specimens were casted for each mixture. One is for the compressive 
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strength test, in which the dimensions of the specimens are 150 mm x 150 mm x 150 

mm. One is for the elastic modulus test, in which the dimensions of the specimens are 

150 mm x 150 mm x 300 mm. One is for the drying shrinkage test, in which the 

dimensions of the specimens are 100 mm x 100 mm x 300 mm. One is for the creep 

test, in which the dimensions of the specimens are same with those in the drying 

shrinkage test. 

 

For the compressive strength and elastic modulus tests, after mixing and casting, the 

specimens were kept in moulds for about 24 hours at room temperature (20±5) oC. 

After that, they were demoulded and placed in a standard curing room of controlled 

temperature (20±2) oC and relative humidity more than 95% for 27 day curing before 

they were tested (that is a total of 28 days from mixing to testing). Both the 

compressive strength and elastic modulus tests were carried out using Instron testing 

machine, by following the standard for test method of mechanical properties on 

ordinary concrete (Chinese GB/T 50081-2002).  

 

The drying shrinkage and creep tests were carried out simultaneously. After mixing 

and casting, specimens were kept in moulds for about 24 hours at room temperature 

(20±5) oC. After that, they were demoulded and placed in a standard curing room of 

controlled temperature (20±2) oC and relative humidity more than 95% for another 6 

days (that is a total of 7 days from mixing to testing) before they were tested in drying 

shrinkage and creep testing machine. During the drying shrinkage and creep tests the 
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temperature and relative humidity were controlled at about (20±2) oC and (60±5) %, 

respectively. 

 

For the creep test, a constant load, corresponding to 25% of the cubic compressive 

strength of the specimen obtained at 7days, was applied along the axial direction of 

the specimens by compressing the spring. Note that the use of 7 days instead of 28 

days compressive strength is because in practice load can be applied when a concrete 

has cured for 7 days although its strength is lower than that at 28 days. When the 

specimens were being loaded, four dial indicators placed along the tested specimens 

were used to indicate the loading direction and to ensure the loading was applied 

along the axial direction of the specimens. The creep under the constant load was 

monitored by the dial indicators. Note that the strain recorded from the dial indicators 

involves not only the creep strain but also the drying shrinkage strain. In order to 

eliminate the drying shrinkage strain, a separate test of the specimen without loading 

was carried out for each tested specimen, from which the drying shrinkage strain was 

obtained. The creep strain thus was calculated from the difference between the strains 

obtained from the creep and shrinkage tests. Since both tests were carried out for 

specimens after the 7 days curing the autogenous shrinkage was ignored in both the 

creep strain and drying shrinkage strain obtained from the tests. The processes of 

drying shrinkage and creep tests are shown in Fig.6 and Fig.7, respectively. Table 3 

summarizes the tests carried out for the four groups of specimens. 

 



10 

 

 

Fig.6 Processes of drying shrinkage test 

 

 

 

Fig.7 Processes of creep test 

 

 

Table 3 Summary of tests 

Type of tests 
Specimen dimensions 

(mm) 

Age of 

specimens before 

test (days) 

No of specimens 

tested* 

Compressive strength 150x150x150 7, 28, 60 and 90 4x3x4 

Specimen 

Dial indicator 

Sheet glass 

Steel underplate 

Bracket 

Steel column 

Spring 

Specimen 
Dial indicator 

Nut 

Round steel plate 

Square steel plate 
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Elastic modulus 150x150x300 7, 28, 60 and 90 4x6x4 

Creep 100x100x300 7 2x2x4 

Drying shrinkage 100x100x300 7 3x4 

Note*: 4 is the types of concrete mixtures 

 

MIP and SEM techniques were used to measure the pore size and its distribution and 

to examine the pore microstructure in hardened concrete specimens containing LS 

(normally 7 days and 90 days). The specimens used for the MIP and SEM tests were 

first broken into small pieces of size 3-5 mm, which consist of only mortar and fine 

aggregates, and then stored in ethanol solution for 3 days to prevent further hydration 

and/or carbonation. After then, they were dried and stored in sealed containers before 

the MIP and/or SEM tests were carried out. 

 

3. Results and discussions 

3.1 Compressive strength and elastic modulus 

Compressive strength was obtained by using pure uniaxial compression. The cubic 

compressive strength was calculated by using the maximum load divided by the 

original cross-section area of the specimen. Fig.8 shows the variation of the 

compressive strength with the LS content added in the concrete mixture at the 

different testing time. Each result presented here is the average value of three tested 

specimens with identical mixture, and the error bar represents the variation of the 

obtained data. 
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Fig.8 Effect of LS on compressive strength of specimens (error bar represents the 

variation of test data). 

 

It is seen from the figure that LS has an obvious effect on the compressive strength 

development of the specimens. The results indicate that the more LS is added, the 

lower the compressive strength is attained at the early age (7 days). However, from 

the start of 28 days, the compressive strengths of specimens containing 10% or 20% 

LS are higher than that of the control specimen without LS. The specimen containing 

20% LS shows the highest compressive strength at the later age (60 and 90 days). 

However, the compressive strength of the specimen containing 30% LS is the lowest 

for all the time. This may be attributed to the fact that the pozzolanic reaction of LS is 

slow, which depends mainly on the availability of calcium hydroxide (CH). It is well 

known that CH is produced by the hydration of Portland cement and consumed by the 

pozzolanic reaction. When the content of cement is too few, or the content of LS is 

too many (30%), only few CH is produced which cannot effectively stimulate the 
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pozzolanic reaction of LS. In this situation, LS shows mainly the physical fill effect to 

decrease the compressive strength. Wu et al. [16] reported that the later compressive 

strength of specimens produced by high early strength cement were not decreased for 

the mix with less than 20% LS and the optimum compressive strength for water to 

binder ratio of 0.35 was the mix with 15% LS substitution. However, Zhang [17] 

found that the compressive strengths of specimens produced by high early strength 

cement at 28 days were not decreased with the percentage of LS up to 40% 

replacement for water to binder ratio of 0.28, and the highest compressive strength 

corresponded to the mix containing 15% LS. These results indicate that the effect of 

LS on the compressive strength depends mainly on the water to binder ratio, the type 

of cement and the percentage of LS used in the binder. 

 

The modulus of elasticity of the specimen was determined by centering and 

prepressing the specimens. The loading schematic diagram of elastic modulus test is 

shown in Fig.9. 

 

Fig.9 Loading schematic diagram of elastic modulus test 
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The elastic modulus can be calculated as follows: 
0aF F L

E
A n


 

                                                             (1) 

0an    
                                                                 (2) 

where E in MPa is the elastic modulus, Fa in N is the load corresponding to the stress 

which is 1/3 of axial compressive strength, F0 in N is the initial load corresponding to 

the stress which is 0.5MPa, A in mm2 is the bearing pressure area, L in mm is the test 

gauge length, n  in mm is the average deformation value of two sides of the 

specimen when the load from F0 up to Fa in the last time, a  in mm is the average 

deformation value of two sides of the specimen when the load is Fa, 0  in mm is the 

average deformation value of two sides of the specimen when the load is F0. 
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Fig.10 Effect of LS on elastic modulus of specimens (error bar represents the 

variation of test data). 

 

Fig.10 shows the variation of the elastic modulus with the LS content added in the 
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concrete mixture at the different testing time. Similarly to the compressive strength, 

the data shown here is the average value of three tested specimens with identical 

mixture, and the error bar represents the variation of the obtained data. It can be seen 

from the figure that the variation of the elastic modulus with the LS is very similar to 

that of the compressive strength at the different testing time. When cement is replaced 

by LS equivalently, the content of the paste of unit concrete with LS is more than that 

of unit control concrete without LS, because the specific gravity of LS is lower than 

that of cement. The excessive content of paste is adverse to increase the elastic 

modulus of concrete. 

 

Kim et al. [18] reported that there was a linear relationship between the elastic 

modulus and the quadratic root of compressive strength of ordinary concrete. To 

identify the correlation between the elastic modulus and compressive strength of the 

concrete containing LS at different testing times, Fig.11 plots the relationship between 

the elastic modulus and the quadratic root of compressive strength obtained from the 

test at different testing times. 
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Fig.11 Relationships between elastic modulus and quadratic root of compressive 

strength (Et is the elastic modulus at t days, ft
1/2 is the quadratic root of compressive 

strength at t days) 

 

It can be seen from the figure that there is also a linear relationship between the elastic 

modulus and the quadratic root of compressive strength of concrete containing LS, 

which corresponds well with the results reported by Kim et al. [18]. In addition, with 

the increase of concrete age, the increasing rate of compressive strength is greater 

than that of the elastic modulus. 

 

3.2 Drying shrinkage 

After 7 days for mixing, casting and curing, the test of drying shrinkage is carried out. 

Fig.12 shows the drying shrinkage strain of the specimens with different LS-to-binder 

ratios at different testing times. Each result is the average value obtained from 3 tested 
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specimens with identical mixture, whereas the error bars show the variation of the 

obtained data. It can be observed from the figure that, all of the specimens exhibit a 

similar variation trend, in which the drying shrinkage strain increases quickly for the 

first 60 days, but after then the increasing rate becomes very slow and tends to be 

stable. LS can effectively decrease the drying shrinkage strain, but the effect of the 

content of LS on the drying shrinkage strain seems unequally. For example, adding 

10%, 20% and 30% LS in binder decreases drying shrinkage strain at 180 days since 

the testing by 16%, 27% and 21%, respectively. This indicates that there is an 

up-limited effect of LS on the drying shrinkage strain and of the three mixtures 20% 

LS seems to be the best in terms of the decrease of the drying shrinkage strain. 
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Fig.12 Effect of LS on drying shrinkage strain of specimens (error bar represents the 

variation of test data). 
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3.3 Creep 

The test of creep was carried out simultaneously with the test of the drying shrinkage. 

The creep strain was calculated by using the strain obtained from the creep test 

subtracting the corresponding drying shrinkage strain obtained in a separate test as 

described in the above section. Fig.13 shows the creep strain of the specimens with 

different LS-to-binder ratios at different loading times. Each result is the average 

value obtained from 2x2 tested specimens with identical mixture, whereas the error 

bars show the variation of the obtained data.  
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Fig.13 Effect of LS on creep strain of specimens (error bar represents the variation of 

test data). 

 

It appears that for each mixture the creep strain and drying shrinkage strain have 

similar tendency, although in terms of the value the creep strain is more than twice of 

the drying shrinkage strain. The effect of LS on the creep strain is also similar with 
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that of LS on the drying shrinkage strain. For example, adding 10%, 20% and 30% LS 

in binder decreases the creep strain at 180 days since the loading by 15%, 29% and 

24%, respectively. This also indicates that of the three mixtures 20% LS seems to be 

the best in terms of the decrease of the creep strain. Note that the creep strain shown 

in Fig.13 was obtained from the compressive tests with constant axial stresses. To 

eliminate the effect of stress scale on the creep, one usually uses the creep coefficient 

or the specific creep. The former is defined as the ratio of the creep strain to the 

elastic strain as follows,  

7 7 7

4

/ /

cs cs cs
cc

es

C
E f E

  

 
  

                                            (3) 

where Ccc is the creep coefficient, cs is the creep strain, es is the elastic strain,  is 

the applied compressive stress ( = 0.25f7 in the present experiments), f7 is the cubic 

compressive strength of the specimen at 7days, E7 is the elastic modulus at 7 days. 

Using Eq.(3), the four curves shown in Fig.13 can be re-plotted as the curves of creep 

coefficient versus the loading time, which are shown in Fig.14.  
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Fig.14 Effect of LS on creep coefficient of specimens 

 

It can be seen from the figure that the variation of creep coefficient with the loading 

time is different from that of the creep strain with the loading time shown in Fig.13. 

For example, adding 10% and 20% LS in binder decreases creep coefficient at 180 

days since the loading by 10% and 20%, respectively. However, adding 30% LS in 

binder decreases slightly the creep coefficient at early days and increases creep 

coefficient at 180 days since the loading by 2%. This phenomenon may be attributed 

to the fact that the different variation of compressive strength shown in Fig.8 and 

elastic modulus shown in Fig.10 of specimens at 7 days.  

 

The specific creep is defined as the ratio of the creep strain to the applied compressive 

stress. Since in each type of the mixes the applied stress is constant, Fig.13 can be 

re-plotted as the curves of specific creep versus the loading time, which are shown in 
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Fig.15. It can be seen from the figure that, adding 10% and 20% LS in binder 

decreases the specific creep but adding 30% LS in binder increases the specific creep. 

The variation feature of the three specific creep curves with LS to the loading time 

shown in Fig.15 seems to be similar to that of creep coefficient curves shown in 

Fig.14.    
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Fig.15 Effect of LS on specific creep of specimens 

 

3.4 Pore microstructure analysis 

It is well known that the cement paste formed by the hydration reactions contains 

interconnected pores of different sizes, namely the gel pores (a few fractions of a nm 

to several nm) within C-S-H, capillary pores (tens of nm to several m), and air voids 

(greater than tens of m). The SEM images with 5000 magnifications taken from 

samples in the specimens with different LS-to-binder ratios at 7 days and 90 days 

curing are shown in Fig.16 and Fig.17, respectively. It can be observed from these 
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images in Fig.16 that, in the control sample without LS small capillary pores exist at 

the early ages. In contrast, in the samples with LS the sizes of capillary pores are 

relatively large. The higher the LS added in the binder, the larger the sizes of capillary 

pores. In addition, a number of smooth particles of LS can also be found in the 

samples containing LS, which still remain unreacted and acted mainly as filling effect. 

This indicates that the addition of LS in concrete increases the porosity of the 

capillary pores of concrete and thus degrades the mechanical properties of the 

material at the early ages, as demonstrated in Fig.8 and Fig.10. Observing the later 

images shown in Fig.17, it can be seen that, compared to the samples at the early ages, 

the microstructures of samples are much denser. In the control sample without LS 

capillary pores still exist at the later ages. In contrast, there are very small capillary 

pores in the samples containing 10% and 20% LS, which are surrounded and/or filled 

by C-S-H gel pores produced by cement hydration and secondary pozzolanic reaction 

of LS. The hydration products growing from the cement particles and LS particles are 

to be connected. The higher the LS added in the binder, the smaller the sizes of 

capillary pores. However, a number of large capillary pores and smooth particles of 

LS can still be found in the sample containing 30% LS, indicating that some LS 

particles still remain unreacted. This may also explain why the variation of the 

properties of the specimens at the later ages. 
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(a) Sample C                             (b) Sample (C+10LS) 

  

(c) Sample (C+20LS)                             (d) Sample (C+30LS) 

 

Fig.16 SEM images of specimens containing LS at 7 days 

 

  

(a) Sample C                             (b) Sample (C+10LS) 
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(c) Sample (C+20LS)                             (d) Sample (C+30LS) 

 

Fig.17 SEM images of specimens containing LS at 90 days 
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Fig.18 Effect of LS on cumulative porosity of specimens at 7 days 
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Fig.19 Effect of LS on cumulative porosity of specimens at 90 days 

 

The average size of LS particles is much smaller than that of cement particles as it is 

demonstrated in Fig.3 and Fig.4. When they are mixed with cement, many small 

particles can fill the capillary pores of the cement paste. In addition, LS particles are 

also highly reactive at the later ages. They react with calcium hydroxide originated 

from cement hydration to produce additional C-S-H. In addition, LS particles with 

high content of SO3 also generate the inflatable ettringite (AFt) in alkaline 

environment [15,16], which is different from other SCMs [5,19-22]. This additional 

C-S-H and AFt can also fill large pores and/or voids. This is why the addition of LS in 

concrete can reduce the creep of the mixed concrete. Fig.18 and Fig.19 show the 

effect of LS on the pore-size distribution at 7 days and 90 days, measured by MIP, 

respectively. Note that MIP is a useful tool and can serve as comparative indices for 

the connectivity and capacity of the pore systems in hydrated cements although it is 

not accurate in terms of the measures of the actual pore sizes present [23,24]. 



26 

 

Nevertheless, the comparison of Fig.18 and Fig.19 shows that LS has an obvious 

effect on cumulative porosity of samples. The increase of ages leads to a decrease in 

pore size and/or in pore volume. Table 4 and Table 5 provide the detailed comparison 

of porosities of different size groups at 7days and 90 days, respectively. It is evident 

that the addition of LS in concrete increases the porosity of large pores at the early 

ages. The addition of 10% and 20% LS in binder can refine the pore structure of 

samples at the later ages, and however, adding 30% LS in binder increases the 

porosity of large pores from 7 days to 90 days. These results are corresponding well 

with the results shown in SEM images. 

 

Table 4 Distribution of pore size in samples with different LS at 7 days (mL/g) 

Number <50nm (50～100)nm >100nm Total porosity 

C 0.031 0.008 0.024 0.063 

C+10LS 0.011 0.023 0.053 0.087 

C+20LS 0.009 0.013 0.111 0.133 

C+30LS 0.01 0.005 0.198 0.213 

 

 

Table 5 Distribution of pore size in samples with different LS at 90 days (mL/g) 

Number <50nm (50～100)nm >100nm Total porosity 

C 0.011 0.003 0.017 0.031 

C+10LS 0.016 0.006 0.007 0.029 

C+20LS 0.022 0.002 0.005 0.029 

C+30LS 0.007 0.001 0.027 0.035 
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4. Conclusions 

This paper has reported the experimental data of the compressive strength, modulus of 

elasticity, drying shrinkage, and creep of concrete with LS as a SCM. In addition, the 

pore microstructure has been analysed to examine the effect of LS on the pore size 

distribution and pore volume of the hardened concrete. From the present study the 

following conclusions can be drawn: 

 The addition of LS in concrete decreases the compressive strength at the early 

age, but the addition of 10% or 20% LS can improve the compressive strength 

at the later age, and the addition of beyond 20% degrades the compressive 

strength for all the time. 

 The effect of LS on the elastic modulus is similar to its effect on the 

compressive strength. There is a linear relationship between the elastic 

modulus and the quadratic root of compressive strength of concrete containing 

LS at different testing times. 

 Drying shrinkage strain in concrete with LS increases quickly for the first 60 

days, but after then tends to be stable. The addition of LS in concrete can 

decrease the drying shrinkage. Of the present three mixtures with different 

levels of LS the 20% LS seems to be the best in terms of the decrease of the 

drying shrinkage strain. 

 The effect of LS on the creep strain seems to be very similar to its effect on 

drying shrinkage strain, except for the case where the addition of 30% LS 

increases slightly the creep coefficient. 
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 The effect of LS on the specific creep is slightly different from that of it on 

creep strain. Adding 10% and 20% LS in binder decreases the specific creep 

but adding 30% LS in binder increases the specific creep. 

 As reported in literature, LS can react with cement hydration products to 

produce C-S-H and AFt, which can fill capillary pores and/or voids in concrete. 

However, too much LS content would have negative effect on concrete pore 

structure because the pozzolanic reaction of LS cannot be effectively 

stimulated. 
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